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ABSTRACT 
Microbial electrochemical cells (MXCs) are promising platforms for bioenergy 
production from renewable resources.  In these systems, specialized anode-respiring 
bacteria (ARB) deliver electrons from oxidation of organic substrates to the anode of an 
MXC.  While much progress has been made in understanding the microbiology, 
physiology, and electrochemistry of well-studied model ARB such as Geobacter and 
Shewanella, tremendous potential exists for MXCs as microbiological platforms for 
exploring novel ARB.  This dissertation introduces approaches for selective enrichment 
and characterization of phototrophic, halophilic, and alkaliphilic ARB.  An enrichment 
scheme based on manipulation of poised anode potential, light, and nutrient availability 
led to current generation that responded negatively to light.  Analysis of phototrophically 
enriched communities suggested essential roles for green sulfur bacteria and halophilic 
ARB in electricity generation.  Reconstruction of light-responsive current generation 
could be successfully achieved using cocultures of anode-respiring Geobacter and 
phototrophic Chlorobium isolated from the MXC enrichments.  Experiments lacking 
exogenously supplied organic electron donors indicated that Geobacter could produce a 
measurable current from stored photosynthate in the dark.  Community analysis of 
phototrophic enrichments also identified members of the novel genus Geoalkalibacter as 
potential ARB.  Electrochemical characterization of two haloalkaliphilic, non-
phototrophic Geoalkalibacter spp. showed that these bacteria were in fact capable of 
producing high current densities (4-8 A/m2) and using higher organic substrates under 
saline or alkaline conditions.  The success of these selective enrichment approaches and 
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community analyses in identifying and understanding novel ARB capabilities invites 
further use of MXCs as robust platforms for fundamental microbiological investigations. 
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PREFACE 
 
My decision to pursue graduate studies at Arizona State University was based 
primarily on having the opportunity to conduct bioenergy research in the Center for 
Environmental Biotechnology.  I was fortunate to have been selected as a Science 
Foundation Arizona (SFAz) Fellow, which funded the project for which I enthusiastically 
came to ASU.  This project, referred to as “Tubes in the Desert” (TID), sought to produce 
lipid-rich cyanobacterial biomass in large photobioreactors as a feedstock for biodiesel.  I 
appreciated how TID was able to gather research expertise across several disciplines, 
ranging from reactor design to strain improvement.  My arrival at ASU coincided 
perfectly with the inception of the TID project. 
 My admission to ASU came through the Biodesign Institute as an early 
permutation of what would eventually become the Biological Design Graduate Program.  
The Biodesign Institute ensured funding for incoming students to spend their first year 
doing three, ten-week laboratory rotations.  My first rotation was with Dr. Neal 
Woodbury, where I helped construct targeted mutants of the photosynthetic reaction 
center in Rhodobacter sphaeroides.  Next, I had the opportunity to conduct genetics 
research with Synechocystis sp. PCC 6803 under Dr. Roy Curtiss.  Finally, I completed 
my third rotation under Dr. Rosa (“Rosy”) Krajmalnik-Brown in the Center for 
Environmental Biotechnology (EB), where I began development of molecular techniques 
to track and quantify Synechocystis in photobioreactors (PBRs).  Based on my positive 
rotation experience and my desire to remain in the EB Center, I elected to continue my 
 xv 
research with Rosy.  This gave me the fortuitous opportunity to change my Ph.D. 
program from Molecular and Cellular Biology to Microbiology. 
 From 2008-2010, my research focused on developing molecular methods for 
studying the microbial ecology of photobioreactors.  I found this work to be both 
challenging and rewarding, and it allowed me to quickly earn the reputation the EB 
Center “expert” in molecular methods.  Specifically, I developed and optimized a 
TaqMan-based quantitative real-time PCR (qPCR) assay specific to Synechocystis, and 
applied this method to track Synechocystis populations in photobioreactors.  In addition, I 
optimized terminal restriction fragment length polymorphism (T-RFLP) and denaturing 
gradient gel electrophoresis (DGGE) techniques to expand the palette of molecular tools 
available for studying the PBRs.  My results were important to establish the potential for 
bacterial contamination in PBRs and helped elucidate cause-effect relationships between 
bacterial ecology and reactor performance when the pilot-scale, roof-top PBR was tested 
in the spring of 2009.   
 My comprehensive exam provided an exciting opportunity to craft a research 
proposal outside my area of expertise.  Based on my interest in photosynthesis and the 
EB Center’s work with microbial electrochemical cells (MXC), I consulted with Dr. 
Bruce Rittmann and decided to write a research proposal on developing photosynthetic 
bacteria on the cathode of an MXC.  Despite concerns that this topic was not sufficiently 
different from my research at the time, I found the proposal writing process to be 
indispensable in learning to search scientific literature and synthesize diverse pieces of 
information.  Based on what appeared to be an uncertain future for the TID project, and 
the enthusiastic support of my committee for the research proposal, I was encouraged to 
 xvi 
revise my comprehensive exam proposal and submit it for external funding.  I was 
extremely fortunate to have been selected as a U.S. Environmental Protection Agency 
(EPA) Science to Achieve Results (STAR) Fellow beginning in the Fall of 2010. 
 Armed with my two years of experience with molecular methods and my festering 
interests in photosynthesis and MXCs, I began exploring strategies for coupling 
photosynthetic bacteria with cathodes in an effort to have them photoproduce hydrogen.  
I quickly learned the inherent difficulties of cathodic techniques in MXCs, a realization 
which was magnified by the fact that my research was highly exploratory and thus carried 
with it no measurable guarantee of success.  After trying several strategies for enriching 
photosynthetic bacteria on the cathode, such as growth on insoluble sulfur (S0) and 
development of a multi-channel MXC system for direct cathodic enrichment, I decided to 
move my attention to anodic enrichment strategies.  This decision was grounded in a 
much better understanding of anodic processes and the hypothesis that successful 
photosynthetic enrichments on the anode could be used to investigate cathodes. 
 In my new approach towards photosynthetic enrichment on the anode, I quickly 
learned that my enrichment strategy had to take into account the risk of co-enrichment of 
non-photosynthetic anode-respiring bacteria (ARB).  This challenge inspired me to 
develop parallel strategies to enrich photosynthetic ARB specifically.  After much 
troubleshooting, I finally experienced a breakthrough in my otherwise exploratory 
research in that I discovered that my anodic enrichments responded negatively to light.  
Results of this study were essential in designing subsequent studies which are presented 
in this dissertation.  In addition, I was able to successfully apply my previous experience 
with molecular methods in these later studies, and I was fortunate to be working in a 
 xvii 
laboratory where fusion of my past and current work was not only possible but 
encouraged. 
 My research experience at ASU often oscillated between challenging, stimulating, 
frustrating, and rewarding.  The opportunity to change my research direction while 
working in the same lab allowed me to transfer skills from one project to the other and 
allowed me to interact with a greater number of talented researchers in the EB Center and 
beyond.  Although the field of exploring photosynthetic MXC couplings is still in a 
nascent state, I am confident that my research has helped to scratch the surface and will 
help guide the direction of future projects.  
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CHAPTER 1 
INTRODUCTION 
 
1.1  Fossil fuels for energy generation 
Global annual energy consumption is greater than 13 terawatts (1.3 × 1013 Watts), 
the majority of which (~83% in 2011) is derived from the combustion of fossil fuels 
(EIA, 2012).  Fossil fuels primarily include crude oil, natural gas, and coal which, when 
combusted, release CO2 as a greenhouse gas into the atmosphere.  Earth’s fossil fuel 
reservoirs remain vast: for example, an estimated 1,000- to 2,000-year cumulative supply 
of coal exists worldwide (Lewis and Nocera, 2006).  However, maintaining the energy 
status quo would raise atmospheric CO2 levels to 750 ppm by 2050 (Hoffert et al., 1998) 
from a current level of ~397 ppm, with some estimates even higher (IPCC, 2007).  Aside 
from the acceleration of disastrous ocean acidification (Doney et al., 2009) under this 
scenario, continued anthropogenic release of CO2 invites the potentially catastrophic 
effects of global warming to the environment, including intensification of weather-related 
disasters, rising sea levels, redistribution of precipitation, and species extinction (IPCC, 
2007).  Moreover, atmospheric CO2 additions are cumulative: to stabilize CO2 levels at 
400 ppm, >95% of the planet’s power (28 TW by 2050) must come from carbon-neutral 
sources (Hoffert et al., 1998).  Prevention of potentially irreversible global climate 
change—the greatest threat to human health and the environment in this century—
demands that future energy technologies be renewable, C-neutral and capable of meeting 
society’s energy needs at scale long before fossil fuel supplies are exhausted.  Thus, 
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society must feed its insatiable energy appetite from renewable sources if its existence is 
to become sustainable.   
1.2  Utilization of solar energy 
The sun is by far Earth’s best renewable energy supply.  More solar irradiation 
strikes Earth’s surface in one hour (4.3 × 1020 J) than all the energy consumed by humans 
globally in one year (4.1 × 1020 J) (Lewis and Nocera, 2006), yet we derive only 7.9% of 
our energy from the sun, either directly (photovoltaics) or indirectly (e.g. wind turbines)  
(EIA, 2013).  Energy carriers exist in two main forms for societal use: electricity and 
transportation fuel, the majorities of which are currently produced from coal and crude 
oil, respectively.  In order to meet society’s energy needs at relevant scale, renewable 
solar energy capture must yield both electricity and fuels that can be used for 
transportation.   
1.2.1  Opportunities for solar energy conversion using microorganisms 
A major untapped source of trapped solar energy is biomass.  Photosynthesis 
stores 140 TW of extractable C-neutral energy in terrestrial biomass, roughly tenfold 
higher than current global energy consumption (Rittmann, 2008).  Microorganisms can 
be exploited for converting solar energy into useful forms by breaking down the complex 
organic matter contained in biomass into more simple substrates.  Although microscopic 
in size, microorganisms rule the planet, playing critical roles in biogeochemical cycles 
and totaling 4−6 × 1030 cells on Earth (Whitman et al., 1998).  In addition, the extent of 
undiscovered microbial biodiversity in terms of pathways for transforming organic matter 
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(Stewart, 2012) reinforces a central role for microorganisms in addressing the challenge 
of renewable solar energy conversion. 
Two primary strategies exist for microbial conversion of biomass-stored solar 
energy into useful forms, depending whether fuel or electricity is the desired product.  
First, to produce fuels, plant biopolymers and organic material from agricultural wastes 
and wastewater already serve as renewable energy feedstocks in industrial hydrolysis and 
fermentation despite conversion inefficiencies (Rittmann, 2008).  Here, the products are 
usually hydrogen (H2), methane, or simple organic alcohols, depending on the 
microorganism(s) or microbial communities used.  Alternatively, photosynthetic 
microorganisms such as cyanobacteria and algae have shown significant promise in 
harnessing solar energy directly, either to produce biomass or valuable fuel feedstocks 
such as triacylglycerols (TAGs) or fatty acids (Hu et al., 2008).   
Electricity can also be generated from the solar energy stored in biomass.  
Combustion of fuels produced from fermentation reactions described above creates a 
route for indirect production of carbon-neutral electricity.  A second strategy involves 
directly capturing electrons from microbial breakdown of biomass as electricity using 
microbial electrochemical cells, or MXCs, which are discussed further in Chapter 2.  In 
MXCs, non-photosynthetic bacteria catalyze enzymatic reactions that transfer electrons 
from organic compounds to an electrode, generating electricity that can power an external 
load (Logan, 2009).   
However, unlike cyanobacteria and algae, which provide robust vehicles for direct 
conversion of solar energy to fuels, very few photosynthetic microbial counterparts have 
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been shown to convert solar energy into electricity directly.  Tackling this important 
challenge in renewable energy generation requires two important components: 1) 
exploration of Earth’s rich biodiversity in order to identify and characterize novel 
microorganisms or microbial partnerships capable of producing electricity from sunlight; 
and 2) sophisticated methods to evaluate, characterize, and monitor these processes. 
1.3  Dissertation outline 
This dissertation describes a systematic investigation of possible roles of 
photosynthetic bacteria in electricity generation, either alone or by partnering with other 
bacteria in MXCs.  Additionally, it provides a detailed characterization of a novel ARB 
discovered in a phototrophically enriched microbial community.  Chapter 2 provides an 
extensive background on MXCs, bacterial photosynthesis, and couplings of the two, and 
it also describes the goals of the research presented in Chapters 3-5.  In Chapter 3, I 
introduce strategies for selective enrichment of photosynthetic bacteria capable of light-
responsive electricity generation in MXCs.  Based on these results, in Chapter 4, I discuss 
an investigation of controlled photosynthetic cocultures in MXCs in order to understand 
the microbiological basis for current production that responded negatively to light.  
Findings from Chapter 4 indicated that photosynthetic microorganisms were contributing 
to light-responsiveness, but required a non-photosynthetic ARB partner to generate 
electricity.  Based on findings from Chapter 3 combined with research recently published 
by a colleague in my research group (Miceli et al., 2012), I hypothesized that 
Geoalkalibacter was possibly the ARB responsible for current generation in the saline 
inoculum.  I decided to investigate further if this was the case.  In Chapter 5, I present the 
first electrochemical characterization to date for two haloalkaliphilic Geoalkalibacter 
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spp. capable of producing high current densities at elevated salinity and pH.  Finally, in 
Chapter 6, I present conclusions and recommendations for ongoing and future research 
investigating electrochemical couplings with photosynthetic bacteria, as well as genomic 
and genetic characterizations of Geoalkalibacter spp. 
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CHAPTER 2 
BACKGROUND ON MICROBIAL PHOTOELECTROCHEMICAL CELLS 
 
2.1  Microbial electrochemical cells (MXCs) 
An electrochemical cell involves the separation of two oxidation-reduction half 
reactions such that electrons flow across a circuit between two electrodes, and 
counterions migrate through an electrolyte solution.  The electron donor, called the 
reductant or fuel, undergoes oxidation at the anode.  The electron acceptor, or oxidant, is 
reduced at the cathode with the electrons for this reduction reaction being derived from 
oxidation of the donor at the anode.  The Gibbs free energy theoretically available from 
an oxidation-reduction reaction is governed by the difference in redox potentials between 
the electron donor and acceptor half reactions: 
     ΔG = −nFΔE    (Eqn. 2.1) 
in which ΔG is the Gibbs free energy (Joules), n is the number of electrons participating 
in the reaction, F is Faraday’s constant (96485 Coulombs/mol e−) and ΔE is the 
difference in redox potentials between the two half reactions (Volts).  Thus, the greater 
the potential difference is between two redox half reactions, the more energy is 
theoretically available from coupling the two reactions in an electrochemical cell. 
 In a microbial electrochemical cell, or MXC, microorganisms serve as living 
catalysts that drive redox reactions occurring at the anode and/or cathode that would 
otherwise not be possible using bare electrodes or abiotic catalysts (Rabaey et al., 2007).  
By performing electrochemical catalysis, the microorganisms derive energy for 
themselves by channeling electrons through their electron transport chains, generating a 
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protonmotive force (Bird et al., 2011).   Biologically catalyzed reactions on the anode 
include oxidation of organic compounds or hydrogen, while cathode reactions involving 
microorganisms include reduction of oxidants such as oxygen, nitrate, uranium, and CO2, 
among others (Rabaey et al., 2007).  Because of this wide range of electrochemical 
reactions possible in MXCs, these systems have emerged as promising technologies for 
several practical applications, including capture of renewable energy from wastewater 
organics (Logan and Rabaey, 2012), bioremediation of toxic contaminants (Strycharz et 
al., 2008), and synthesis of useful chemicals (Nevin et al., 2010).  From a biological 
standpoint, MXCs also provide unique platforms for studying the bacteria that derive 
energy by performing redox reactions outside the cell.  I used MXCs in combination with 
deep sequencing and quantitative PCR  qPCR) for microbiological characterization of 
possible phototrophic anode-respiring bacteria (ARB), interactions between ARB and 
phototrophic bacteria, and finally novel ARB. 
2.1.1  Components, reactions, and energetics of MXCs 
 Figure 2.1 shows the key processes in an MXC system involving ARB.  
Anaerobic oxidation of a simple organic electron donor (e.g., acetate) liberates CO2, 
protons (H+), and electrons (e−).  ARB deliver these electrons to the anode, while CO2 
and H+ are released into the medium.  The electrons produce an electrical current by 
flowing across an external circuit where they meet two possible fates depending on the 
experimental configuration.  In a microbial fuel cell (MFC), the oxidant at the cathode is 
molecular oxygen (O2), whose reduction produces H2O.  The theoretical electrochemical 
potential difference between acetate oxidation (E°’ = −0.28 V) and oxygen reduction 
(+0.81 V) yields voltage that can power an electrical load across an external resistance 
 8 
(Eqn. 2.1) (Figure 2.1).  On the other hand, in a microbial electrolysis cell (MEC), water 
is reduced to hydrogen (H2) at the cathode.  The potential of this reaction (−0.42 V) is 
more negative than that of acetate oxidation and requires application of an external 
voltage to supply the additional driving force (Figure 2.1).  However, because ARB can 
provide low-potential electrons at the anode, the voltage applied can be significantly 
lower than that otherwise required for water electrolysis to produce H2.  Thus, the 
primary benefit of MECs is the ability to produce and recover H2 with significantly less 
energy input than water electrolysis (Logan et al., 2008).  The anode and cathode 
chambers are separated by an ion exchange membrane to provide charge balance, either 
by movement of H+ from anode to cathode through a cation exchange membrane (CEM), 
H+
OH−
O2
H2O
H2 
H2O
ANODE CATHODE
e−
e−
e− e−
e−
(CH2O)n
CO2
anode-respiring
bacteria
(ARB)
microbial 
fuel cell
(MFC)
microbial 
electrolysis 
cell
(MEC)
reference
electrode ion exchange
membrane
 
Figure 2.1.  Schematic representation of a microbial electrochemical cell.  Electrons 
liberated from oxidation of an organic substrate are delivered by anode-respiring bacteria 
(ARB) to the anode.  Two different cathode reactions are shown based on the mode of 
operation.  In an MEC, an external voltage is applied to drive H2 production at the 
cathode.  Using a potentiostat, the anode potential can be poised at a fixed value versus a 
reference electrode.  Counterions (H+ and OH−) migrate between anode and cathode 
depending on the type of ion exchange membrane (either anion or cation exchange 
membrane). 
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or by migration of hydroxide (OH−) from cathode to anode through an anion exchange 
membrane (AEM) (Figure 2.1).  Because these membranes are also permeable to O2 
(Harnisch et al., 2008), performing fundamental studies of ARB in MEC mode ensures 
that the bacteria do not suffer any deleterious effects from oxygen intrusion into the 
anode compartment (Qu et al., 2012). 
 The electrochemical potential drives the processes and reactions occurring in 
MXCs.  In order for ARB to obtain energy by transferring electrons from an electron 
donor to the anode, the electrode potential must be sufficiently more positive than the 
electron donor according to Eqn. 2.1.  As current is produced in MXCs operated with a 
fixed external resistance, the cell voltage also changes proportionally according to Ohm’s 
Law.  This could possibly lead to a lowering of the anode potential such that energy is no 
longer available to ARB.   
To overcome this problem, many MXC experiments are typically controlled using 
a potentiostat, a device that holds the anode potential at a fixed value against that of a 
reference electrode, regardless of the amount of current produced by ARB.  This 
arrangement creates a three-electrode setup consisting of a working electrode (anode), 
counter electrode (cathode), and reference electrode (Harnisch and Rabaey, 2012).  The 
potentiostat constantly supplies the driving force necessary to catalyze abiotic reactions at 
the counter electrode.  When the applied voltage is used to catalyze reduction of water to 
hydrogen, the potentiostat effectively achieves MEC mode of operation.  Digital 
potentiostats record the current produced by ARB in real time, as well as log the 
cumulative charge transferred to the anode.  This information allows for calculation of 
the Coulombic efficiency, or the fraction of electrons present in the substrate that are 
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captured as electrical current (Parameswaran et al., 2009).  For these reasons, the 
potentiostat provides an indispensable laboratory tool for studying ARB, since it 
simultaneously maintains both anode potential and anoxic conditions, as well as 
generates data required for characterizing the behavior of ARB.  Additionally, the ability 
to capture data in real-time allows us to explore and understand microbial interactions 
between ARB and non-ARB present in mixed communities. 
2.2  Anode-respiring bacteria (ARB) 
 Anode-respiring bacteria are the fundamental biological components responsible 
for catalyzing substrate oxidation in MXCs.  ARB are anaerobic chemoheterotrophs that 
create conduits between their intracellular electron transport chains and the extracellular 
environment, in which the anode serves as the terminal electron acceptor.  Many ARB 
survive in natural environments by coupling complete mineralization of organic matter to 
respiration of insoluble, extracellular electron acceptors such as Fe(III), Mn(IV), and S0 
(Logan, 2009).  However, the opposite statement is also not always true: a bacterium 
capable of metal or sulfur reduction does not necessarily perform anode respiration.  
ARB do not appear to be inherently limited or metabolically constrained in their 
respiration rates due to the insoluble, extracellular nature of their electron acceptor (more 
details are presented Chapter 3).  This behavior indicates that ARB have evolved robust 
molecular strategies that enable efficient electron transfer to terminal electron acceptors 
located outside the cell. 
2.2.1  Extracellular electron transfer and ARB kinetics 
To obtain energy, ARB must perform extracellular electron transfer (EET).  EET 
using anodes as the terminal electron acceptor can proceed via three mechanisms that are 
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the subject of an extensive review (Torres et al., 2010): (1) direct contact between redox 
enzymes located on the outer membrane and the electrode; (2) soluble electron shuttles 
which are reduced by ARB, diffuse to the electrode where they are oxidized, and return 
to ARB in an oxidized state; and (3) formation of several µm-thick biofilms in which 
extracellular redox proteins transport electrons from distant cells to the anode.  Each of 
these mechanisms imposes limitations on the current densities (current per unit surface 
area of electrode) achievable by ARB and on their anode respiration kinetics.  As 
described above, ARB can also be limited by the anode potential.  Fortunately, the fact 
that many ARB perform EET with minimal potential losses (Torres et al., 2010), coupled 
with their capacity for high respiration rates, contributes to the robustness of MXCs in 
terms of the cell voltage and current they can produce. 
The kinetics of anode respiration can be understood using mathematical and 
experimental approaches.  Extensive modeling has shown that ARB exhibit Nernst-
Monod anode respiration kinetics (Kato Marcus et al., 2007).  Since the anode (i.e. the 
electron acceptor) cannot be described in terms of concentration, as done typically in 
kinetic Monod equations, the Nernst-Monod equation combines electrochemistry (Nernst 
equation) and microbial kinetics (Monod equation) to model the electron acceptor in 
terms of its potential.  Agreement with the Nernst-Monod model can be determined 
experimentally by taking advantage of a technique called cyclic voltammetry (CV).  CV 
uses a potentiostat to apply small changes in anode potential and monitors the current 
response of ARB in response to changes in driving force.  When the anode potential is 
changed at a sufficiently slow scan rate, redox molecules accessible to the electrode 
achieve equilibrium at each potential.  However, faster scan rates can elucidate the 
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presence of redox shuttles such as flavins in the medium as well as redox molecules 
contained in ARB biofilms that are limited by diffusion (LaBelle and Bond, 2009).  I 
used principles of the Nernst-Monod model and CV to characterize ARB, and a more 
detailed application of CV in the context of ARB characterization experiments is 
presented in Chapters 3 and 5.  
2.3  MXCs as robust tools to enrich ARB and discover community interactions 
 The process of selective enrichment is a fundamental laboratory approach in 
microbiology.  The application of restrictive growth conditions that allow one type of 
microorganism to grow and outcompete other undesired microorganisms establishes the 
first step towards obtaining and studying pure cultures in the laboratory.  MXCs offer 
inherent advantages in performing selective enrichment for ARB.  When a mixed culture 
is used as the inoculum and a non-fermentable substrate such as acetate acts as the 
electron donor, MXCs impose strict selective pressure for ARB since the anode serves as 
the sole electron acceptor.  In addition, when the anode is poised with a potentiostat, it 
becomes a stoichiometrically inexhaustible electron acceptor, thereby eliminating any 
electron acceptor limitation.  Based on these considerations, it is not surprising that ARB 
have been shown to dominate mixed microbial communities in MXCs operated under 
controlled enrichment conditions (Miceli et al., 2012). 
 However, many important variables can affect selective enrichment for ARB 
using MXCs.  First, the choice of anode potential has been shown to be critical in 
establishing ARB-dominated communities at low potentials, while higher potentials led 
to formation of more diverse communities (Torres et al., 2009).  Second, feeding a more 
complex substrate will lead to co-enrichment of bacteria required to hydrolyze and/or 
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ferment the substrate into simpler organic molecules as electron donors for ARB.  Thus, a 
syntrophic interaction is established in which ARB require the activity of bacterial 
partners to provide electron donor, while the partner bacteria rely on ARB to remove 
fermentation products.  Such behavior has been documented in MXCs fed with ethanol in 
which co-enrichment of homo-acetogenic bacteria stimulated current generation by 
scavenging the hydrogen produced during fermentation (Parameswaran et al., 2009).  
These important syntrophic interactions would have not been discovered without the 
powerful combination of MXCs and molecular microbial ecology. 
Although acetate provides the simplest organic electron donor for enrichment 
studies, its use also raises the possibility that other ARB incapable of oxidizing acetate 
could potentially be overlooked (Miceli et al., 2012).  Thus the design of a successful 
ARB enrichment strategy may require making tradeoffs with regard to selecting the 
optimal electron donor and anode potential for an uncharacterized inoculum.  Assessing 
the efficacy of a particular selective enrichment strategy also requires culture-
independent methods for studying microbial communities, which I introduce in the 
following section and apply in Chapters 3 and 4. 
2.4  Molecular methods to study microbial communities 
 The field of applied and environmental microbiology has been transformed in the 
last two decades by the advent of molecular methods for studying microbial 
communities.  Many of these methods specifically target the 16S rRNA, a genetic 
fingerprint common to all Bacteria and Archaea, but whose sequence divergence defines 
evolutionary and phylogenetic relationships between species.  Thus, obtaining sequence 
information from a mixed population of microorganisms can reveal species richness and 
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highlight overall relative abundance of species of interest.  Examination of sequencing 
data can consequently aid in the design of molecular probes for specifically tracking 
these species of interest.  I introduce molecular methods employed in this dissertation, 
namely pyrosequencing, qPCR, and T-RFLP, for first characterizing a phototrophically 
enriched mixed ARB culture and then specifically tracking a group of interest, the green 
sulfur bacteria (discussed in Section 2.6.3), over time.   
High-throughput pyrosequencing involves sequencing by synthesis, in which 
general oligonucleotide primers are used to amplify hypervariable regions of the bacterial 
16S rRNA gene (Schloss et al., 2009).  Incorporation of one of the four DNA nucleotides 
is enzymatically coupled to the emission of a light signal, and the sequence is determined 
by the pattern of light emitted (Ronaghi and Elahi, 2002).  Pyrosequencing routinely 
provides thousands of DNA sequences from mixed microbial communities, and for this 
reason it is often referred to as “deep sequencing,” because its throughput allows 
identification of 16S rDNA sequences from microbes present at very low relative 
abundance (Sogin et al., 2006).  I present the results of pyrosequencing for determining 
the community structure of phototrophically enriched ARB biofilms in Chapter 3. 
A second powerful method for tracking temporal changes in microbial 
communities is qPCR.  This method is an extension of standard PCR in which target 
DNA amplification is monitored and quantified in real-time.  Determination of the PCR 
cycle at which fluorescence crosses a threshold (threshold cycle, or Ct), against template 
DNA standards at known copy number facilitates rapid and robust quantitation of DNA 
copies in a particular sample (Zhang et al., 2011).  Thus, changes in abundance can be 
measured over time.  qPCR primers and probes can be utilized to target both general 
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bacteria, as well as hypervariable regions of 16S rDNA specific to certain groups of 
interest (Zhang and Fang, 2006).  Based on the results of pyrosequencing in Chapter 3, I 
present application qPCR for studying the interactions between Geobacteraceae and 
green sulfur bacteria in Chapter 4. 
Finally, a third molecular method in microbial ecology is T-RFLP.  Here, a 
fluorescent tag is added at the 5’ end of one or both PCR primers, and PCR products are 
digested with tetrameric restriction endonucleases.  The digested DNA is then analyzed 
by capillary electrophoresis, yielding a pattern of peaks of varying lengths.  The size (in 
base pairs) and intensity (in fluorescence units) of these peaks provide both a fingerprint 
of the microbial community as well as a semi-quantitative estimate of relative abundance 
(Nocker et al., 2007).  While T-RFLP is a rapid and cost-effective method for estimating 
diversity across samples, it can also serve as a supplementary method to verify culture 
purity, and I applied T-RFLP in the context of ARB pure cultures in Chapter 5. 
2.5  Comparison of ARB pure cultures 
 Despite the benefits of selective enrichment in identifying novel ARB, some of 
the best characterized ARB were not evaluated for anode respiration until after having 
been isolated with Fe(III) or Mn(IV) as terminal electron acceptors.  Table 2.1 provides a 
list of all known ARB pure cultures to date.  It is important to distinguish three related 
metrics of ARB performance as a basis for comparison.  First, the maximum current 
density links respiration rate to available anode surface area.  Second, the mechanism of 
EET (see Section 2.2.1) can influence either the respiration rate or the pattern of anode 
surface colonization, thereby directly affecting the maximum possible current density.  
Since these first two metrics are interdependent, an ARB producing low current densities 
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(< 1 A m−2) (Torres et al., 2010) can be assumed to use either direct contact or electron 
shuttles to perform EET.  Third, the potential at which ARB produce highest current 
densities, if known, is important in determining whether potential losses can be 
minimized.  An illustrative example is Geothrix fermentans, a member of the phylum 
Acidobacteria, which produces current in two potential windows, but only produces 
maximum current densities at potentials above +0.3 V (Mehta-Kolte and Bond, 2012). 
 From Table 2.1, it becomes clear that, while several species have been shown to 
function as ARB, only a few produce current densities > 1 A m−2.  The most well studied 
ARB, Geobacter sulfurreducens, is routinely present and enriched in mixed culture 
MXCs (Parameswaran et al., 2010; Sun et al., 2012) and forms ~20-50 µm-thick biofilms 
with cells performing long-range electron transfer to the anode via a mechanism that is 
not fully understood (Snider et al., 2012).  The omnipresence of Geobacter-related 
species in MXCs poses a challenge for enriching other ARB under similar conditions, 
and I present strategies undertaken to address this problem in Chapter 3.  Two close 
relatives of Gb. sulfurreducens from the genus Geoalkalibacter also produced high 
current densities (Table 2.1), and characterization of these ARB is the subject of Chapter 
5. 
 Table 2.1 highlights the EET capabilities across several bacterial phyla and a 
range of environmental conditions.  In addition to an array of mesophiles, examples of 
both psycrophilic (Geopsychrobacter electrodiphilus) and thermophilic ARB 
(Thermincola) have been described, with T. ferriacetica being the only Gram-positive 
ARB producing current densities rivaling those of Geobacter (Parameswaran et al.,).  
Table 2.1 also highlights another well-characterized ARB, Shewanella oneidensis MR-1, 
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but its respiration kinetics, EET mechanism, and maximum current densities differ 
significantly from those of Geobacter.  S. oneidensis performs the bulk of its EET 
(~75%) via secreted flavin shuttles (Kotloski and Gralnick, 2013), which must diffuse 
through the medium at µM concentrations in order to sustain anode respiration (Marsili et 
al., 2008a).   
2.5.1  Benefits of discovering and characterizing novel ARB 
Using selective enrichment to discover novel ARB pure cultures provides two 
advantages.  The first is fundamental: the discovery of novel ARB creates exciting 
opportunities for microbiological investigation of these organisms.  The second is 
applied: the success of MXCs in terms of practical applications requires discovery of 
ARB capable of producing high current densities using different substrates and across a 
range of conditions.  Thus, the primary objectives for selective enrichment of ARB may 
be quite different.  In the first scenario, the objective is discovering novelty, while in the 
second, the goal is achieving robust electrochemical performance.  In either case, 
opportunities abound for designing novel enrichment schemes for ARB with different 
salinity, temperature, and pH optima, as well as those capable of oxidizing higher organic 
substrates directly to current.  Such ARB hold both microbiological and practical 
relevance and promise.  Recommendations for experiments addressing some of these 
opportunities are the subject of Chapter 6. 
The diversity of ARB evident from Table 2.1 raises the possibility that other ARB 
species exist and that EET may be ubiquitous in the bacterial domain (Gorby et al., 
2006).  Based on this observation, I arrive at the central hypothesis of this dissertation, 
which is divided into two parts: 1) photosynthetic ARB exist in nature, and 2) MXCs can 
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be used as selective enrichment platforms to study these photosynthetic ARB and/or 
interactions with non-photosynthetic ARB.  Specifically, the remainder of this chapter 
introduces bacterial photosynthesis and provides a scientific basis for investigating 
photosynthetic ARB using MXCs. 
2.6  Background on bacterial photosynthesis 
 Photosynthesis is a set of biochemical reactions in which abundant solar energy is 
captured and stored in the chemical bonds of organic compounds via the reduction of 
carbon dioxide.  A separate process by which microorganisms are able to convert solar 
energy into chemical energy utilizes membrane-bound light-absorbing proton pumps 
called rhodopsins.  These proteins appear to be widely distributed among several non-
photosynthetic bacterial clades in marine habitats (Béjà et al., 2001).  However, not all 
bacteria that are able to capture solar energy via rhodopsins are photosynthetic.  
Therefore, it is important to make the critical distinction between photosynthesis and 
phototrophy.  Phototrophy simply refers to the conversion of solar energy to chemical 
energy as a protonmotive force, while in photosynthesis light energy initiates electron 
transfer reactions required fixation of CO2 into biomass (Bryant and Frigaard, 2006). 
2.6.1  Types of bacterial photosynthesis 
 Photosynthetic bacteria can be divided into two main groups based on whether 
molecular oxygen (O2) is evolved as a byproduct.  Oxygenic photosynthesis occurs in 
cyanobacteria, which are aerobic and derive electrons for CO2 fixation from the oxidation 
of water, yielding O2.  Cyanobacteria are ancestral endosymbionts of higher eukaryotic 
organisms such as algae and plants, making oxygenic photosynthesis the dominant 
process for CO2 fixation on Earth (Blankenship, 2002).  In contrast, most anoxygenic 
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photosynthetic bacteria obtain reducing power for CO2 fixation only under strictly anoxic 
conditions by oxidizing either organic or inorganic electron donors such as reduced sulfur 
compounds instead of water; thus, O2 is not released.  
 Oxygenic and anoxygenic photosynthetic bacteria are also distinguishable by the 
light wavelengths at which they are able to perform photochemistry.  In oxygenic 
photosynthetic bacteria, photosystems I and II contain chlorophyll pigment molecules 
with excitation maxima at 700 and 680 nm, respectively.  However, the photosynthetic 
reaction centers in anoxygenic photosynthetic bacteria contain bacteriochlorophylls that 
maximally absorb lower-energy wavelengths in the near infrared, i.e., 700-900 nm 
(Blankenship, 2002). This key difference in light absorption spectrum provides a useful 
basis for establishing selective enrichment strategies in the laboratory.  An example of 
such a strategy utilizing wavelengths > 700 nm for the purpose of selective enrichment of 
anoxygenic photosynthetic ARB is described in Chapter 3.   
2.6.2  Microbial ecology of anoxygenic photosynthesis 
Their ability to use near-infrared radiation gives anoxygenic phototrophs a 
selective advantage in natural environments where they are typically abundant, such as 
microbial mats and stratified lakes.  Cyanobacteria occupying upper layers attenuate most 
of the solar irradiation in the 400-700 nm range, thereby leaving a zone in which only 
near infrared wavelengths are available for anoxygenic phototrophs (Martínez-Alonso et 
al., 2005).  This zone usually coincides with the transition from oxic to anoxic conditions 
that occurs along opposing oxygen and sulfide gradients, explaining why some 
anoxygenic photosynthetic bacteria at or near the oxic layers are also able to grow 
aerobically. 
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Sulfate- and sulfur-reducing bacteria (SRB) near or below the photic layers 
oxidize organic carbon provided by the phototrophs above, and they in turn maintain the 
supply of reduced sulfur compound as photosynthetic electron donors (Overmann and 
van Gemerden, 2000).  As discussed in Section 2.2, many ARB, although usually found 
in metal-reducing habitats, can also act as sulfur-reducing bacteria.  Thus the natural 
syntrophy between anoxygenic phototrophs and sulfur reducers provides an additional 
basis for examining photosynthesis coupled to anode respiration in MXCs.  This 
possibility is examined in greater detail in Chapter 4. 
2.6.3  Characteristics of anoxygenic photosynthetic bacteria 
 Table 2.2 compares four major groups of anoxygenic photosynthetic bacteria in 
terms of several distinguishing characteristics, including their phylogeny, O2 tolerance, 
photosynthetic reaction centers, electron donors, pigments, CO2 fixation pathways, and 
N2 fixation capabilities.  The four major groups of anoxygenic photosynthetic bacteria are 
the purple non-sulfur bacteria (PNSB), purple sulfur bacteria (PSB), green sulfur bacteria, 
and filamentous anoxygenic phototrophs (FAP; sometimes called green nonsulfur 
bacteria).  However, a fifth group within the purple bacteria performs anoxygenic 
photosynthesis only under aerobic conditions and is thus called the aerobic anoxygenic 
phototrophs (AAP).  Their metabolism is counterintuitive, since photosynthesis should 
provide an advantageous alternative strategy for energy generation under anaerobic 
conditions, as opposed to supplementing energy already available from aerobic 
respiration (Blankenship, 2002).  Because this dissertation describes enrichment and 
characterization strategies for ARB and anoxic conditions are thus a prerequisite, 
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cyanobacteria and AAP are not considered further as photosynthetic ARB candidates.  I 
focus instead on the four groups of anaerobic anoxygenic phototrophs mentioned above. 
 Purple non-sulfur bacteria (PNSB) are metabolically versatile in their ability to 
grow as aerobic heterotrophs; however, their photosynthetic machinery is expressed only 
under anoxic conditions.  Their name is somewhat misleading: some PNSB are in fact 
capable of using reduced sulfur compounds as photosynthetic electron donors, albeit at 
low concentrations above which sulfide becomes toxic (van Gemerden, 1984).  
Photosynthetic growth in PNSB can occur either autotrophically or heterotrophically 
using a wide range of organic electron donors. In contrast, the purple sulfur bacteria are 
restricted to utilization of reduced sulfur compounds as photosynthetic electron donors 
(H2S, S0, S2O32−).  The PSB are divided into two families based on their pattern of S0 
deposition when oxidizing sulfide: the Chromatiaceae, which deposit S0 intracellularly, 
and the Ectothiorhodospiraceae, which eponymously deposit S0 outside the cell.  The 
photosynthetic reaction center (RC) in all purple bacteria belongs to the Type II RC 
family in that a quinone (a weak reductant) serves as its electron acceptor (Bryant and 
Frigaard, 2006).  Both PSB and PNSB use the Calvin cycle for CO2 fixation (Table 2.2). 
 Of the four groups listed in Table 2.2, the green sulfur bacteria (GSB) are the 
most metabolically restricted.  All known species are obligate anaerobic 
photolithoautotrophs, and reduced sulfur compounds are the primary photosynthetic 
electron donors, although some species can use Fe2+ or H2.  The GSB have adapted to 
perform photosynthesis at extremely low light intensities by taking advantage of 
intracellular antenna complexes called chlorosomes, which can contain >200,000 tightly 
packed bacteriochlorophyll c, d, or e molecules (Blankenship, 2002).  Most GSB oxidize 
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H2S with roughly tenfold higher affinity than PSB, and S0 is deposited outside the cell 
(Overmann, 2006).  Some GSB are capable of photomixotrophic growth in which simple 
organic molecules such as acetate and pyruvate are photoassimilated via the reductive 
TCA cycle, resulting in accumulation of intracellular glycogen as shown in Figure 2.2.  
Chapter 4 examines the dynamics of glycogen storage and dark fermentation by GSB in 
the context of an MXC. 
 Finally, the filamentous anoxygenic phototrophs (also called green nonsulfur 
bacteria) share similarities with the other three groups, but they are phylogenetically 
oxidative
and
TCA cycle
reductive
polysaccharide
glucose
triose phosphate
pyruvatephosphoenolpyruvate
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isocitrate
α-ketoglutarate
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CO2CO2
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Figure 2.2.  Central carbon metabolism in green sulfur bacteria.  CO2 fixation proceeds 
via the reductive TCA cycle, yielding pyruvate which is further reduced to 
polysaccharide (glycogen) for carbon and energy storage.  Acetate is reductively 
photoassimilated in the presence of sulfide and CO2, which results in increased glycogen 
synthesis compared to when CO2 is the sole carbon source. 
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distinct.  They contain chlorosomes with bacteriochlorophyll c similar to GSB, but they 
can grow photoheterotrophically or aerobically similar to purple bacteria.  However, 
utilization of the hydroxypropionate pathway for CO2 fixation is unique to FAP 
(Blankenship, 2002) (Table 2.2).   
More recent work has discovered two additional groups of photosynthetic 
bacteria.  The Heliobacteria are photoheterotrophic, Gram-positive strict anaerobes that 
contain BChl g, whose absorption spectrum gives this group a specialized environmental 
niche (Blankenship, 2002).  A photosynthetic bacterium from the phylum Acidobacteria 
has also been recently reported (Bryant et al., 2007).  This bacterium is an anoxygenic, 
aerobic photoheterotroph containing a Type I reaction center and BChls a and c, and its 
discovery extends the known phyla capable of chlorophyll-based photosynthesis.  Given 
the distribution of photosynthetic bacteria across several phyla (Table 2.2) and ongoing 
discovery of novel anoxygenic phototrophs, enrichment experiments using MXCs 
(Section 2.5.1) should take into account current knowledge of bacterial photosynthesis 
while also being aware that many new photosynthetic bacteria are yet to be discovered. 
2.6.4  Electron flow in anoxygenic photosynthetic bacteria 
Development of strategies for selective enrichment of photosynthetic ARB must 
first consider the electron transport chains used by anoxygenic phototrophs for obtaining 
energy in the light.  Two schemes exist for electron flow in anoxygenic photosynthetic 
bacteria.  In non-cyclic electron transfer, the net reaction involves oxidation of the 
photosynthetic electron donor coupled reduction of NAD+ to NADH.  In bacteria 
containing Type II RCs, the redox potential of membrane quinones (e.g. ubiquinone, 
+0.11 V) requires some electrons to be pushed “uphill” to provide NADH (−0.32 V) via 
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reverse electron transport at the expense of ATP hydrolysis (Blankenship, 2002).  In 
contrast, Type I reaction centers such as those in green sulfur bacteria generate reductants 
whose potential is sufficiently negative to directly reduce NAD+ to NADH via ferredoxin 
(Bryant and Frigaard, 2006). 
 In contrast, Figure 2.3 shows an example of cyclic electron flow in PNSB, in 
which no net transfer of electrons from the donor to NADH occurs.  In this scenario, cells 
can nonetheless obtain energy by phototrophy (Section 2.6) by using light to translocate 
P870
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Figure 2.3.  Cyclic electron flow in purple non-sulfur bacteria coupled to ATP synthesis.  
Electron flow is shown with black arrows.  Light absorption by the photosynthetic 
reaction center results in reduction of a membrane quinone (Q) along with transfer of 
protons from the cytoplasm at QB.  Oxidation of the resulting quinol (QH2) by the 
membrane-bound cytochrome bc1 complex transfers protons into the periplasm.  
Electrons are passed to cytochrome c2 where they are returned to the photosynthetic 
reaction center, completing the electron transfer cycle.  Protons translocated into the 
periplasm generate protonmotive force for ATP synthesis.  Adapted from Voet and Voet, 
2004, in which arrows show simplification of proton movement across the plasma 
membrane.  Protons do not freely diffuse into the plasma membrane but rather enter the 
Q pool at QB.  QH2 migrates to the outer leaflet of the plasma membrane and, upon 
oxidation, releases its protons into the periplasm. 
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protons into the periplasm to generate a protonmotive force (Figure 2.3).  Cyclic electron 
flow has been shown for purple bacteria and probably also exists in green sulfur bacteria, 
although the mechanism is poorly understood (Ehrlich and Newman, 2009a).  While the 
redox molecules and cofactors mediating electron transfer in each type of anoxygenic 
phototroph are inherently different, the net result of cyclic electron transfer is the same: 
phototrophy alone is sufficient to supply cells with energy in the form of ATP.  This 
characteristic is important when considering possible biochemical bases for anode 
respiration by photosynthetic ARB.  Their ability to obtain energy phototrophically via 
cyclic electron flow leads to the hypothesis that anode respiration need not occur in the 
light for cells to generate ATP.  By extension, this means that anode respiration by 
photosynthetic ARB would be expected to occur primarily in the dark.  I explore this 
hypothesis in more detail in Chapter 3. 
2.5.5  Anoxygenic photosynthetic bacteria as potential ARB candidates 
 Several of the capabilities summarized in Table 2.2 establish anoxygenic 
photosynthetic bacteria as potential ARB candidates.  First, the metabolic versatility of 
PNSB and their ability to grow photoheterotrophically, in conjunction with the report of 
current generation by Rps. palustris DX-1 (Xing et al., 2008), suggests that other 
members of this group might be capable of anode respiration.  Second, the fact that GSB 
and some PSB deposit S0 extracellularly indicates that these bacteria possess pathways 
for transferring electrons from external substrates into the cell.  Although the mechanism 
of S0 oxidation is poorly understood, this process nonetheless involves EET, a 
requirement for photosynthetic bacteria to function as ARB.  Finally, anoxic conditions 
 29 
are a prerequisite both for anode respiration and for photosynthetic growth, making 
anoxygenic photosynthetic bacteria excellent candidates as potential ARB.  
2.7  Incorporating photosynthetic bacteria into MXCs 
 A photosynthetic MFC, or photo-MFC, is a specific type of MXC in which light 
provides an additional energy input into the overall reaction scheme at the anode and/or 
cathode.  Since “X” in the term “MXC” can be changed to describe different types of 
microbial electrochemical systems, photo-MFCs can also be referred to as microbial 
photoelectrochemical cells, or MPCs.  In MPCs, photosynthetic bacteria convert light 
energy to electricity, potentially improving the overall energy balance.  In addition, the 
fact that photosynthetic bacteria can fix CO2 (see Section 2.6) makes them appealing 
candidates for MPCs in generating renewable energy from sunlight while simultaneously 
achieving carbon neutrality.  Several strategies for integrating photosynthetic bacteria 
into MXCs are the subject of two exhaustive reviews (Rosenbaum and He, 2010; 
Rosenbaum and Schroeder, 2010).  However, specific designs relevant to the work 
presented in this dissertation, as well as their advantages and disadvantages, are 
highlighted below.  The different types of MPCs fall into two categories based on 
whether photosynthetic bacteria function on the anode or the cathode. 
2.7.1  Anodic MPCs 
 Figure 2.4 (Panels A-C) describes three types of MPCs in which photosynthetic 
bacteria perform reactions at the anode.  A major factor governing the performance of 
anodic MPCs is whether the photosynthetic bacteria evolve O2, i.e., whether they are 
oxygenic or anoxygenic.  This distinction is discussed in Section 2.6.1.  The primary 
disadvantage of having oxygenic phototrophs in the anode is that O2 can be reduced 
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abiotically, which leads to deleterious effects on current production.  Despite this 
potential drawback, some of the first successful MPCs, similar to that shown in Figure 
2.4A, employed oxygenic cyanobacteria that produced current in the dark by oxidizing 
intracellular carbon reserves.  However, these systems required addition of artificial 
redox mediators such as HNQ (2-hydroxy-1,4-naphthoquinone) (Tanaka et al., 1985), 
making them impractical for applications beyond the laboratory.  Similar patterns of 
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Figure 2.4.  MXC designs incorporating photosynthetic bacteria.  A – utilization of 
artificial redox shuttles.  B – photosynthetic H2 evolution and in situ electrode-catalyzed 
oxidation.  C – direct current generation by anoxygenic photosynthetic ARB.  D – 
oxygenic phototrophs providing O2 as the oxidant in the cathode.  E – direct electron 
uptake for biomass synthesis by photosynthetic bacteria on the cathode.  Sun symbols 
indicate light reactions; moon symbol indicates dark reaction.  Adapted from Rosenbaum 
et al., 2010. 
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electricity generation from stored photosynthate are the subject of the research presented 
in Chapter 4.   
 Figure 2.4B shows a second type of anodic MPC in which anoxygenic 
photosynthetic bacteria generate H2 in the light as a result of photofermentation (Cho et 
al., 2008).  Instead of artificial redox mediators, H2 served as the electron carrier and was 
oxidized abiotically at the anode, producing current.  The process of photohydrogen 
production and in situ oxidation effectively captures light energy as electricity, but the 
primary disadvantage of this MPC design is the requirement for expensive electrode 
catalysts.  
The third reaction scheme for anodic MPCs, shown in Figure 2.4C, involves 
direct electron transfer to the anode by photosynthetic ARB.  The only example to date 
for a photosynthetic pure culture directly producing current on the anode is the purple 
non-sulfur bacterium Rhodopseudomonas palustris DX-1 (Xing et al., 2008), although 
this strain appears to have been lost (C.I. Torres, personal communication).  Unlike the 
scheme in Figure 2.4B, hydrogen evolution was not required for current production, as 
cells appeared to coat the anode as an attached monolayer.  This bacterium oxidized 
several organic substrates and produced current densities of 5 A m−2 (Table 2.1), with 
highest current densities being achieved in the dark.  I propose a biochemical model for 
current production increasing in the dark in Section 2.6.4.  Although the initial report of 
Rps. palustris DX-1, which has a sequenced genome, provided the first breakthrough in 
establishing a model photosynthetic ARB, no further studies using this bacterium have 
been published.  Nonetheless, the discovery of Rps. alustris DX-1 reinforces the 
possibility that other photosynthetic ARB may exist in nature. 
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 An alternative strategy for investigating direct electron transfer by photosynthetic 
ARB is to introduce light-harvesting machinery into known non-photosynthetic ARB.  
This approach was successfully applied to an engineered strain of S. oneidensis MR-1 
(Table 2.1) in which proteorhodopsin, a light-driven proton pump, provided cells with 
additional ATP and increased the current densities produced under anaerobic conditions 
in the light.  However, this behavior was attributed to an increased uptake rate for lactate 
as electron donor, and the current densities produced were not significantly greater than 
those of wild-type cells (Johnson et al., 2010). 
2.7.2  Cathodic MPCs 
 While this dissertation focuses primarily on ARB, it is important to note that 
photosynthetic bacteria can also perform beneficial cathode functions.  Figure 2.4 (Panels 
D and E) show two possibilities for integrating photosynthetic bacteria into cathode 
reactions in an MXC.  The first scheme involves utilizing oxygen-evolving cyanobacteria 
or algae for maintaining a steady supply of O2 as the oxidant at the cathode (Figure 2.4 
D).  The primary advantage of this strategy is elimination of the need for cathode aeration 
in MFCs, which can be energetically costly (Rosenbaum and He, 2010).  In this setup, 
cyanobacteria also fix CO2, resulting in an MPC that both generates electricity and 
produces biomass.   
 Finally, Figure 2.4E describes an MPC scheme in which photosynthetic bacteria 
directly take up electrons from the cathode.  These bacteria thus establish a 
“photobiocathode” in which they use light to energize cathodically supplied electrons to 
fix CO2.  While no pure cultures of photosynthetic bacteria have been shown to grow on 
the cathode, a community enriched in α–Proteobacteria, presumably purple non-sulfur 
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bacteria (see Section 2.6.3) was shown to fix CO2 under anaerobic conditions in the light 
using electrons from the cathode (Cao et al., 2009).  Although some cells were found in 
direct contact with the cathode, it was not clear whether the photosynthetic bacteria were 
capable of direct electron transfer to the cathode. 
2.7.3  Other cathodic processes in MXCs 
Cathodes that use living biological catalysts are called biocathodes. As discussed 
in the Preface, one of scientific bases for this dissertation was the hypothesis that 
photosynthetic bacteria are inherently attractive candidates for photobiocathodes (see 
previous section), based on their ability to use extracellular electron donors and fix CO2 
(see Section 2.6).  Challenges in cultivating bacteria on the cathode (Rosenbaum et al., 
2011) combined with the possibility for growing biocathodes first as anodes followed by 
reversing electrode polarity (Rozendal et al., 2008) contributed to formulation of the 
research hypotheses for selective enrichment of photosynthetic ARB using MXCs 
(Section 2.5.1).  This section provides a brief overview of biocathodes as additional 
opportunities for integration with MPCs. 
 An emerging area of research takes advantage of biocathodes using autotrophic 
organisms as platforms to produce useful chemicals in a process called microbial 
electrosynthesis.  These systems are analogous to MPCs, since the energy required for 
electrosynthesis can be captured not by photosynthetic bacteria but by an external 
photovoltaic cell (Nevin et al., 2010).  However, it is important to note that the 
electronegative potentials at which cathodes are often poised for electrosynthesis cannot 
completely rule out the possibility that electrons are delivered to cells via abiotically 
produced hydrogen gas (H2), as opposed to being directly taken up by the bacteria.  
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Microbial electrosynthesis is thus related to the MPC scheme shown in Figure 2.4E.  
These systems store energy and electrons in chemical bonds, thereby addressing a major 
challenge in generating renewable energy (see Section 1.2). 
2.7.4  Light responsiveness as a signature of MPCs 
 Because photosynthetic bacteria are responsible for anode or cathode reactions in 
MPCs, a hallmark of these systems is their light-responsive behavior.  However, the 
nature of this light response differs depending on type(s) of photosynthetic bacteria 
present as well as the underlying chemical reactions taking place.  A positive light 
response occurs when an MPC produces higher current and/or cell voltage in the light. 
This behavior can result from electrodes being directly coupled to photosynthetic electron 
transport chains.  In contrast, negative light responses can result either from 
photosynthetic bacteria providing organic electron donors to heterotrophs in the dark, or 
photosynthetic oxygen evolution interfering with current production.  Chapters 3 and 4 
discuss patterns and bases for light-responsiveness in the contexts of photosynthetic ARB 
enrichment and characterization, respectively. 
2.8  Research objectives 
 I designed the experiments presented in Chapters 3-5 based on three objectives.  
First, the central and primary objective of the research presented in this dissertation was 
to design a selective enrichment scheme for novel photosynthetic ARB within the context 
of an MXC.  This objective was formulated based on important factors introduced above: 
the efficacy of selective enrichment, the robustness of MXCs in combination with 
molecular methods as tools for microbiological characterization, and the potential for 
anoxygenic photosynthetic bacteria to function as ARB.  The results of selective 
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enrichment for photosynthetic ARB, presented in Chapter 3, established the remaining 
objectives.  The second objective was to study mechanisms of light-responsive current 
generation using a defined binary coculture of a photosynthetic bacterium and an ARB, 
and these experiments are presented in Chapter 4.  Finally, the third objective, discussed 
in Chapter 5, was to conduct a thorough electrochemical characterization of 
haloalkaliphilic Geoalkalibacter spp., which were identified as novel non-photosynthetic 
ARB in the selective enrichments in Chapter 3.  The anode of an MXC provided a 
common microbiological platform for accomplishing these three objectives. 
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CHAPTER 3 
LIGHT-RESPONSIVE CURRENT GENERATION BY PHOTOTROPHICALLY 
ENRICHED ANODE BIOFILMS DOMINATED BY GREEN SULFUR BACTERIA 
 This Chapter was published in an altered format in Biotechnology and 
Bioengineering (Badalamenti et al., 2013b). 
 
3.1  Introduction 
As discussed in Section 2.6, photosynthetic bacteria use photochemical reaction 
centers to convert light energy into chemical energy via photophosphorylation (Ehrlich 
and Newman, 2009b; Gottschalk, 1986).  In the dark, however, anoxygenic phototrophs 
obtain energy for cell maintenance from the oxidation of storage polymers such as 
glycogen or poly(3-hydroxyalkanoates) (PHA) accumulated in the light (Mas and van 
Gemerden, 2004).  Anaerobic respiration could potentially provide an alternative strategy 
for energy production in the dark.  Some purple bacteria perform respiration using nitrate, 
dimethyl sulfoxide (DMSO), or trimethylamine-N-oxide (TMAO) as electron acceptors, 
suggesting that anaerobic respiratory pathways may exist in anoxygenic photosynthetic 
bacteria (McEwan, 1994). 
Anaerobic respiration by ARB can be studied using anodes of MXCs (Marsili et 
al., 2008b; Speers and Reguera, 2011; Torres et al., 2008).  For example, Geobacter 
sulfurreducens, a well-studied ARB (Table 2.1), expresses an extracellular network of c-
type cytochromes for long-range electron transfer to electrodes (Strycharz-Glaven et al., 
2011).  Shewanella oneidensis MR-1 performs anode respiration at a rate of 1.3 × 106 e− 
cell−1 s−1 (McLean et al., 2010), a value similar to Escherichia coli respiring oxygen (4.0 
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× 106 e− cell−1 s−1) (Andersen and von Meyenburg, 1980), indicating that utilization of an 
insoluble electron acceptor does not inherently limit the respiration rate.  Several other 
bacteria can respire electrodes as via direct, shuttling, or long-range electron transfer 
mechanisms (Section 2.2.1), but only two anoxygenic phototrophs, the purple non-sulfur 
bacteria Rhodobacter capsulatus and Rhodopseudomonas palustris DX-1, have been 
shown to perform anaerobic respiration using either Fe(III) or a graphite anode (Dobbin 
et al., 1996; Xing et al., 2008).  
The practicality of incorporating photosynthetic microorganisms into MXCs, 
called microbial photoelectrochemical cells or MPCs (Section 2.7), has been studied in 
multiple contexts.  In several MPC studies, current could only be generated by addition of 
redox mediators (Tanaka et al., 1985; Yagishita et al., 1998) or by photosynthetic H2 
production and in situ catalyzed oxidation (Cho et al., 2008; Rosenbaum et al., 2005) 
(Figure 2.4); thus, these systems suffered from poor current densities and the need for 
electrochemical catalysts.  Some MPCs have shown increases in either voltage or current 
density in the light (Cao et al., 2008; Xing et al., 2009; Yagishita et al., 1993; Zou et al., 
2009), while in other instances photosynthetic oxygen evolution by cyanobacteria or 
algae interfered with electricity generation (He et al., 2009; Yagishita et al., 1998).  
Anoxygenic phototrophs can potentially obviate the undesirable effects of photosynthetic 
oxygen evolution in an MXC anode.  Unfortunately, only one such phototroph, Rps. 
palustris DX-1, has been shown to produce electricity in pure culture (Table 2.1) (Xing et 
al., 2008), a finding which provides the only evidence to date for direct electron transfer 
from a photosynthetic organism to the anode (Rosenbaum and He, 2010).    
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My primary objective in this study was to use MXCs as tools for discovering 
phototrophic ARB based on my hypothesis that these bacteria may exist elsewhere in 
nature.  To accomplish this, I designed a selective enrichment scheme using MXCs that 
promoted growth of phototrophs while minimizing enrichment of non-phototrophic ARB.  
In addition, I manipulated light availability in order to survey the microbial communities 
for the presence of phototrophic ARB.  I report electricity generation by two different 
(freshwater vs. saltwater) phototrophic biofilms, both of which exhibited a negative light 
response.  Characterization of the respiration kinetics and microbial community 
composition revealed that dominant phototrophic bacteria were responsible for light 
responsiveness.  My results suggest that MXCs can be employed to evaluate alternative 
metabolic pathways for energy generation in anoxygenic photosynthetic bacteria. 
3.2  Materials and Methods 
Inocula.  Freshwater inoculum was derived from the brown-green colored anode 
suspension of a dual-chamber MXC (anode poised at −350 mV vs. Ag/AgCl) treating 
fermented centrate, inoculated originally with anaerobic digested sludge from the Mesa 
Northwest Water Reclamation Plant (Mesa, AZ).  Saltwater inoculum was taken from the 
top 2 cm of a shallow saline microbial mat (Cabo Rojo, Puerto Rico).  Samples were 
collected in tightly sealed 50-ml Falcon tubes and stored at 4°C in the dark.  Prior to 
inoculation into MXCs, samples were enriched for phototrophs as described below. 
Media.  Freshwater and saltwater media containing 50 mM NaHCO3 were 
prepared as described previously (Griffin et al., 2007; Widdel and Bak, 1992), with the 
following adjustments: Na2SO4 was omitted as an alternative electron acceptor, NH4Cl 
was omitted to impose N2-fixing conditions as a layer of selective pressure against non-
 39 
phototrophic ARB, 2 ml of Wolfe’s vitamin mixture (ATCC, Manassas, VA) were added 
per liter of medium, and cyanocobalamin (vitamin B12) was added to 50 µg/l.  Media 
were made anoxic by flushing with N2, and pH was adjusted to ~7.2 by flushing with 
N2:CO2 (80:20).  Fresh- and saltwater media had conductivity of 8.3 and 49 mS cm−1, and 
salt content of 0.46% and 2.6%, respectively, as measured with a digital conductivity 
meter (Oakton Instruments, Vernon Hills, IL).  Sterile anoxic stock solutions of sodium 
acetate (1 M) and Na2S9H2O were prepared separately and autoclaved sealed under N2.  
Acetate and sulfide were added as electron donors to media to achieve final 
concentrations of 10 mM and 0.5 mM, respectively.  Media bottles were stored in the 
dark. 
Phototrophic pre-enrichment.  Inocula (1 ml of a dense cell suspension for 
freshwater; ~1 g of the original microbial mat for saltwater) were added to 49 ml of 
appropriate media in sterile serum bottles in an anaerobic chamber (Coy Laboratory 
Products, Grass Lake, MI) and sealed with a rubber stopper.  Headspaces were flushed 
with N2:CO2 (80:20).  Enrichments were incubated in an enclosed box for several months 
at room temperature behind an RG715 optical filter (Schott Glass, Duryea, PA), which 
transmitted only λ > 715 nm light to select against oxygenic phototrophs (Blankenship, 
2002).  Illumination was provided by a 60-Watt incandescent bulb mounted 20 cm away 
from the glass filter. 
MXC construction, inoculation, and operation.  Dual chamber “H-type” MECs 
were constructed as described previously (Parameswaran et al., 2009) and autoclaved.  A 
detailed description is provided in Section 3.4.  In an anaerobic chamber, 3.5 ml of pre-
enriched inoculum was added to phototrophic media described above to achieve a final 
 40 
anode chamber volume of 350 ml.   The cathode was filled with a sterile, anoxic solution 
of NaOH, pH 12.5 to maintain charge neutrality without basic forms of cathode buffer 
ions such as phosphate or bicarbonate being transported into the anode.  Graphite rod 
anodes (18 cm2 total surface area) were poised using a potentiostat (VSP3; Bio-Logic 
USA, Knoxville, TN) versus an Ag/AgCl reference electrode (BASi, West Lafayette, IN) 
at the working potentials described below.  All anode potentials are reported vs. standard 
hydrogen electrode (SHE), making the appropriate conversion as described in Section 
3.4.  The anode pH was maintained with a humidified stream of N2:CO2 (80:20) delivered 
through Viton tubing (Cole-Parmer, Vernon Hills, IL).  All MEC experiments were 
conducted at ambient temperature (24 ± 2°C). 
Phototrophic enrichment and chronoamperometry.  Reactors were initially 
illuminated with λ > 715 nm light as described above, and anodes were poised at either 
−245 mV or −284 mV for fresh- and saltwater reactors, respectively.  After 9 days of 
photoenrichment, continuous medium flow for 12 days at a flow rate of 0.3 ml/min (1 d 
hydraulic retention time) was used to washout non-phototrophic ARB.  Medium was 
supplied through Viton tubing using a peristaltic pump (Cole Parmer).  The headspace in 
the media bottles was replaced daily with filtered N2:CO2 (80:20) delivered via a Tedlar 
bag (SKC Inc., Eighty Four, PA).  Reactors were then placed in the dark to force anode 
respiration.  Light responses were conducted by exposing reactors to full incandescent 
light (1000 lux; Extech Instruments, Nashua, NH).  
Chemical analyses.  Acetate was measured by high pressure liquid 
chromatography (HPLC) as described previously (Parameswaran et al., 2009).  pH 
measurements were performed immediately after sampling using a microelectrode pH 
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probe (Cole Parmer) and digital pH meter (Thermo Scientific).  Bacteriochlorophyll 
content was determined by resuspension of dried cell pellets in 1:1 (v/v) 
acetone:methanol and absorption spectra were read from 1000 nm to 600 nm using a 
Cary WinUV-Vis spectrophotometer.  
Electrochemical analyses.  Cyclic voltammograms (CV) were generated at a scan 
rate of 1 mV s−1 starting from the open circuit potential (-209 mV and -230 mV for fresh- 
and saltwater, respectively) and scanning forward and backward across a 170-mV 
window to vertex potentials of −75 mV and −245 mV (freshwater) or −114 mV and −284 
mV (saltwater).  Voltage sweeps were repeated once with the second sweep reported.  
Anode potentials in the CVs were corrected for Ohmic losses between the anode and 
reference electrode by electrochemical impedance spectroscopy (EIS) (Torres et al., 
2008).  I used the Nernst-Monod equation (Marcus et al., 2007), j = jmax{1 + 
exp[(−nF/RT)(E – Eka)]}−1 (Eqn. 3.1), which was fit by least-square analysis (Sáez and 
Rittmann, 1992) using jmax and Eka as fitting parameters. 
DNA extraction and pyrosequencing.  DNA was extracted as described previously 
(Sheng et al., 2011) from a 1-cm length of scraped biofilm using a DNeasy Blood & 
Tissue Kit (Qiagen, Valencia, CA).  Pyrosequencing was performed by Research and 
Testing Laboratories LLC (Lubbock, TX) using primers 104F and 530R (Li et al., 2011) 
targeting the V2 and V3 regions of bacterial 16S rDNA.  Raw sequences (3301 and 3686 
for the fresh- and saltwater, respectively) were trimmed, aligned, clustered, and classified 
as described previously (Garcia-Peña et al., 2011). 
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3.3  Results and Discussion 
Phototrophic enrichment.  I describe a strategy for selective enrichment of anoxygenic 
photosynthetic bacteria using MXCs.  During the initial photoenrichment period, anodes 
were poised at potentials (−550 mV vs. Ag/Cl, corresponding to −245 mV and −284 mV 
for fresh- and saltwater reactors, respectively) that inhibited growth of non-
photosynthetic ARB by minimizing energy available from coupling acetate oxidation 
(−280 mV) (Cao et al., 2009) to anode respiration.  In addition, the ability of most 
anoxygenic phototrophs to fix N2 as sole N source was exploited by omitting NH4Cl from 
the media (Blankenship, 2002; Madigan, 2004).  Non-phototrophic ARB lacked ATP 
required for N2 fixation (Ueki and Lovley, 2010) due to the anode being poised at an 
unfavorably low potential. After 9 days, bacteriochlorophyll absorbance spectra showed 
characteristic peaks for purple bacteria (BChl a; 770 nm) and green sulfur bacteria (BChl 
  
 
Figure 3.1.  Bacteriochlorophyll absorption spectra for fresh- and saltwater phototrophic 
enrichments.  Absorption maxima are 666 nm (BChl c) and 770 nm (BChl a). 
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c; 666 nm) (Frigaard et al., 1996) in both reactors (Figure 3.1), indicating that the 
electron donors supplied (acetate and sulfide) did not preferentially select for one 
particular group of anoxygenic phototrophs.  To evaluate whether the enriched 
phototrophic communities could generate current, reactors were placed in the dark on 
Day 14.  On Day 17, anode potentials were shifted 90 mV more positive (−155 mV or 
−194 mV for fresh- and saltwater experiments, respectively), creating a potential 
difference from which cells could obtain energy from anode respiration.  However, these 
potentials still limited the energy available to any remaining non-phototrophic ARB 
(Figs. 3.2A and 3.2B).  To prevent washout of phototrophic ARB before having an 
opportunity to form an anodic biofilm and produce current, continuous medium flow was 
stopped on Day 19, after a stable current was produced and resumed on Day 38 through 
the remainder of the study. 
Figure 3.2 shows the onset of anodic current (Day 29) 12 days after adjusting 
poised potentials to more positive values.  A prolonged dark incubation was necessary to 
exhaust all storage polymers accumulated by phototrophic bacteria as an energy reserve 
(Mas and van Gemerden, 2004) and to force cells to migrate from suspension, where light 
irradiance is maximized, to the electrode, where anode respiration occurs.  Maximum 
current densities were 1 and 0.7 A m−2 for the freshwater and saltwater reactors, 
respectively.  These values are similar to those reported for biofilms of G. sulfurreducens 
under anode potential-limiting conditions (Marsili et al., 2010; Torres et al., 2009) and 
are sufficiently high to suggest extracellular electron transfer through a solid conductive 
matrix and not via electron shuttles (Torres et al., 2010).  Scanning electron micrographs 
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indicated that the anode biofilms were thicker than a monolayer of cells and contained 
several different cell morphologies (Figure 3.3). 
Light-responsive current generation.  I exposed the anodes to 3 consecutive 
periods of illumination with direct incandescent light (1000 lux) for 8 h followed by 40 h 
of darkness to investigate the phototrophic contribution to current generation.  
Subsequent light periods were increased to 12 h and 24 h to examine the dynamics of 
 
Figure 3.2 (A and B).  Chronoamperometry and light-responsive current production in 
freshwater (A) and saltwater (B) experiments.  Shaded areas indicate periods of darkness. 
During the 0-14 day initial photoenrichment, cells were incubated with λ > 715 nm light 
as described in Materials and Methods to select against oxygenic phototrophs.  In all 
subsequent light periods biofilms were exposed to unfiltered incandescent light (1000 
lux).  Solid black bars above the plots indicate periods of continuous supply of medium at 
0.3 ml min−1 flow rate.  Numbered grey circles indicate the following: 1, adjustment of 
poised anode potential to −155 mV (freshwater) or −194 mV (saltwater) vs. SHE; 2, 
cyclic voltammetry (see Figure 3.4); 3, sampling anode biofilms for community analysis 
and SEM. 
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extended light exposure.  For the freshwater reactor, Figure 3.2C shows a sharp decrease 
in current within 10 minutes of light exposure, and current recovered only after placing 
the anode back in darkness.  After the first two periods of light exposure (8 h each; days 
32 and 34), subsequent incubations in the light resulted in longer time needed for current 
to increase again in darkness.  The longest light period (24 h on day 55) resulted in an 
unrecoverable loss of current (Fig. 3.2A), perhaps due to washout of a portion of the 
current-generating phototrophs by continuous media flow.   
In the saltwater MXC, however, light exposure first resulted in a noticeable 
increase in current over a period of 1-4 hours, followed by a similar pattern of decreased 
current continuing several hours into the subsequent dark period (Fig. 3.2D).  Current 
 
Figure 3.2 (C and D).  Panels C and D show zoomed sections of the first three light 
exposure periods for the fresh- and saltwater reactors, respectively (indicated by the 
dotted boxes in Panels A and B of Figure 3.2). 
 
 
Figure 3.3.  Scanning electron micrographs of freshwater (A) and saltwater biofilms (B). 
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density reached a maximum of 0.7 A m−2 before dropping below half this value in 
response to a 24-hour light incubation period on day 55 (Fig. 3.2B).  On day 58, a 
majority of the biofilm was sloughed off the anode, and current decreased significantly, 
demonstrating that bacteria in the biofilm were responsible for producing current.  
Continuous media supply ensured that decreases in current generation were not attributed 
to electron donor limitation (Figs. 3.2A and 3.2B).  No sudden changes in temperature 
occurred during light incubations.  
Each biofilm exhibited different initial light responses before eventually showing 
a net decrease in current (Figure 3.2).  The freshwater biofilm consistently responded to 
light within 5-10 minutes, while the saltwater biofilm required multiple light exposures to 
exhibit a consistent initial light response (Figure 3.2B).  When placed back in darkness, 
both biofilms required several hours to resume the same current density as before the 
light cycle, possibly due to dispersion of phototrophic bacterial cells from the biofilm to 
the suspension during the light period in order to maximize light exposure.  Changes in 
current were not likely due to photohydrogen production and in situ oxidation (Cho et al., 
2008), since the anodes underwent continuous gas flushing.  
The dynamics of these light responses raised the possibility of anode respiration 
by phototrophs as a pathway for energy generation in the dark.  The energy available 
from anode respiration is determined by the difference in redox potentials between the 
electron-donating and -accepting half reactions, minus the potential losses associated 
with extracellular electron transfer (Torres et al., 2010).  For phototrophic ARB in the 
biofilm, light serves as an additional energy source.  My data show that phototrophic 
ARB might perform photophosphorylation and anode respiration to meet their ATP 
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requirements, and that darkness is required to evaluate their anode respiration 
capabilities.  
Several studies evaluating photosynthetic organisms in MXCs report increases in 
either current density or cell voltage upon illumination (Cao et al., 2008; He et al., 2009; 
Xing et al., 2009).   A mutant of S. oneidensis expressing proteorhodopsin, a light-driven 
proton pump (Bryant and Frigaard, 2006), showed a similar increase in current generation 
in the light; this increase was attributed to an increased uptake rate of lactate as electron 
donor (Johnson et al., 2010).  Here I present electricity production by two bacterial 
biofilms showing the opposite light response in that current decreased considerably 
during periods of illumination.  A similar pattern was shown for a photosynthetic 
sediment MFC, but this effect was indirect as phototrophs did not appear to act as ARB 
in this system (He et al., 2009). 
Cyclic voltammetry of light-responsive biofilms.  The magnitude and duration of 
light responses for both reactors suggested the presence of current-generating anoxygenic 
phototrophs on the anode.  To investigate this possibility further, I studied the anode 
respiration kinetics of the biofilms using low scan rate cyclic voltammetry (LSCV), an 
electrochemical technique used extensively for studying important redox species and 
processes occurring in anode biofilms (LaBelle and Bond, 2009). 
Figures 3.4A and 3.4B show cyclic voltammograms (CVs) produced in the dark 
by the fresh- and saltwater biofilms, respectively.  As expected with continuous feeding 
of medium, I did not detect reversible oxidation-reduction peaks indicative of soluble 
electron shuttles (Marsili et al., 2008a).  Instead, I found that the biofilms exhibited 
electron transfer kinetics that fit the Nernst-Monod equation (Eq. 3.1) (Marcus et al., 
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2007).  Surprisingly, the model fit CVs only when I adjusted the value of n (Fig. 3.4), 
where n is the number of electrons transferred per current-generating reaction by ARB.  I 
obtained best model fits when I used values of n = 2 and n = 3 for the freshwater and 
saltwater reactors, respectively (Figs. 3.4A and 3.4B).  For G. sulfurreducens biofilms not 
limited by media conditions or anode potential, n = 1 (Torres et al., 2008), while higher n 
values might implicate rate-limiting steps in electron transfer from the electron donor to 
intracellular cytochromes (Bonanni et al., 2012).  CVs of G. sulfurreducens grown at the 
same limiting anode potential of −160 mV used in this study, however, produced similar 
sigmoidal Nernst-Monod behavior (Marsili et al., 2010), with slopes indicative of n 
values greater than 1.  It is unclear to what extent the observed n >1 behavior in both 
fresh- and saltwater CVs is either a signature of many ARB growing under potential-
limited conditions or an electrochemical indication of phototrophic ARB possessing 
novel anode respiration kinetics.  However, based on recent evidence suggesting that 
Geobacter growth under potential limitation leads to CVs with steeper slopes indicative 
 
Figure 3.4. Cyclic voltammograms of freshwater (A) and saltwater biofilms (B) 
generated at 1 mV s−1 scan rate in the dark.  Nernst-Monod plots are overlaid for n = 1 
(dashed lines) and for best-fit n values (dotted lines). The second of two scans is shown. 
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of n > 1 (S.C. Popat, unpublished data), I hypothesize that the CVs in Figure 3.4 resulted 
from non-photosynthetic ARB.  
My empirical value for Eka was −159 mV for the freshwater biofilm, a value in 
close agreement to that observed for acetate-fed G. sulfurreducens biofilms under well-
buffered, non-limiting conditions (Marsili et al., 2008b; Torres et al., 2008).  The 
saltwater biofilm, however, showed an Eka of −192 mV, a value roughly 35 mV more 
negative than for G. sulfurreducens and the most negative Eka value reported to date for 
any ARB, indicating that the light-responsive anode communities minimized extracellular 
potential losses associated with extracellular electron transfer (Torres et al., 2010).  
Microbial community structure of anode biofilms.  High-throughput 
pyrosequencing of the V2-V3 hypervariable regions of bacterial 16S rDNA from biofilm 
samples taken on day 86 (48 days after resuming continuous media flow; Figures 3.1A 
and 3.1B) revealed that anoxygenic phototrophs dominated anode biofilm communities in 
 
Figure 3.5. Bacterial relative abundance for enriched fresh- and saltwater biofilms at the 
class level.  Classification was performed with 2017 and 2226 sequences for the fresh- 
and saltwater biofilms, respectively. 
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both the freshwater and saltwater reactors.  Figure 3.5 shows relative abundances of 
operational taxonomic units (OTUs) at the class level. Genus-level classification using a 
97% identity cutoff is presented in Table 3.1.  No 16S rDNA sequences belonging to 
cyanobacteria were detected, indicating that photosynthetic O2 evolution was not 
responsible for light-induced decreases in current. 
Green sulfur bacteria belonging to the Chlorobia class (in the phylum Chlorobi) 
were the dominant phototrophs in both biofilms, comprising ~60% of the microbial 
sequences (Figure 3.5).  At the genus level, Chlorobaculum accounted for 7% of 
phylotypes in the freshwater reactor, with Chlorobium comprising the remainder of green 
sulfur bacteria detected in both MXCs (Table 3.1).  Green sulfur bacteria are metabolic 
specialists; all known species are obligate photolithoautotrophs (Blankenship, 2002) and 
thus are not expected to perform dark respiration.  My results, however, suggest that 
some green sulfur bacteria may possess novel respiratory pathways for obtaining energy 
in the dark, when sulfide is not used as an electron donor (Overmann, 2006), possibly via 
breakdown of stored glycogen to acetate and other organic acids (Mas and van 
Gemerden, 2004) or by reactions of a recently reported oxidative tricarboxylic acid 
(TCA) cycle involved in acetate metabolism (Tang and Blankenship, 2010).  To produce 
current, green sulfur bacteria would also require a pathway for extracellular electron 
transport (EET) to the anode, and the poorly understood pathway for oxidation of 
extracellular S0 as photosynthetic electron donor in green sulfur bacteria is postulated to 
be analogous to the EET pathways for dissimilatory metal-reducing bacteria working in 
reverse (Frigaard and Dahl, 2009).  In addition, the possibility of insoluble substrates 
being used directly as electron acceptors for anaerobic dark respiration by green sulfur  
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% Relative Abundance  % Relative Abundance 
Genus Fresh Salt  Genus Fresh Salt 
Acholeplasma 4.66 0.54  Gp7 0.10 -- 
Actinotalea 0.05 --  Halochromatium -- 0.04 
Adhaeribacter -- 0.04  Halothiobacillus -- 0.04 
Afifella -- 0.09  Levilinea 0.40 -- 
Aminiphilus 0.10 --  Microlunatus -- -- 
Anaerovorax 0.50 --  Micropruina 0.15 0.04 
Azonexus 6.40 --  Nubsella 0.69 -- 
Bellilinea 0.05 --  Pseudomonas 0.05 -- 
Bradyrhizobium 1.88 0.13  Rhodobacter 0.15 -- 
Chlorobaculum 7.73 0.04  Rhodopseudomonas 0.50 -- 
Chlorobium 53.10 60.20  Rhodothalassium -- 0.04 
Dechloromonas 0.20 --  Rhodovulum -- 3.10 
Desulfarculus 1.19 --  Roseospira -- 0.40 
Desulfococcus -- 0.04  Roseospirillum -- 22.33 
Desulfomicrobium 1.98 --  Spirochaeta -- 0.13 
Desulforhopalus 2.38 --  Sulfurospirillum 0.05 -- 
Desulfosarcina -- 0.22  Thauera 0.10 -- 
Desulfotignum -- 1.03  Thiococcus -- 0.04 
Desulfovibrio 1.19 0.67  Tranquillimonas -- 0.09 
Desulfuromonas -- 2.43  Treponema 0.69 -- 
Geoalkalibacter -- 6.24  Unclassified 9.32 2.02 
Geobacter 6.40 --     
       
# total sequences 2017 2226     
TOTAL 100% 100%     
bacteria has not been investigated, as most studies have justifiably focused on their 
strictly phototrophic metabolism (Feng et al., 2010; Tang and Blankenship, 2010).  In this 
respect, the anode of an MPC could emerge as a remarkably useful microbiological tool 
for interrogating novel pathways for anaerobic respiration, particularly in bacteria that are 
not predicted to carry out such processes.  
OTUs assigned to the genus Roseospirillum (Glaeser and Overmann, 1999) 
accounted for the bulk of observed phototrophic α-Proteobacteria and 22% overall 
Table 3.1. Microbial community structure at the genus level based on phylogenetic 
classification using the Ribosomal Database Project (RDP) classifier at 50% confidence 
threshold. Photosynthetic genera are listed in bold typeface.   
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relative abundance in the saltwater biofilm (Figure 3.5; Table 3.1).  However, purple 
bacteria in the freshwater biofilm accounted for only ~0.6% of the community, 
suggesting they were not the key microorganisms contributing to current generation or 
light-responsiveness at the magnitude observed.  If purple bacteria contributed to current 
production in the saltwater reactor, the differences in their relative abundance might 
explain why the initial light response differed between biofilms (Figure 3.2).  Taken 
together, the dramatic light-induced drop in current, the low relative abundance of purple 
bacteria, and the fact that Chlorobi were the only other phototrophs present in the 
freshwater biofilm suggest that some green sulfur bacteria may be capable of conducting 
respiratory metabolism in the dark.  If true, this possibility potentially extends the 
otherwise limited metabolic capabilities of Chlorobi beyond strict photolithoautotrophy 
to include anaerobic respiration. 
Pyrosequencing detected non-phototrophic ARB genera belonging to δ-
Proteobacteria which accounted for ~6-9% of the overall relative abundance in both 
biofilms (Table 3.1).  However, it is unlikely that this small fraction, consisting mostly of 
phylotypes closely related to Geobacter and Geoalkalibacter in fresh- and saltwater 
biofilms, respectively, was solely responsible for the high respiration rates (i.e. recorded 
current densities) I observed, given that my reactors were operated for an extended period 
under acetate-fed conditions which would eventually allow these ARB to dominate the 
community.  Put differently, the fact that Geobacter and Geoalkalibacter comprised a 
small fraction of the enrichments suggests that they were limited in some way, likely by 
anode potential.  A thorough investigation of Geoalkalibacter spp. for current-generation 
capabilities is the subject of Chapter 5.  Other possible ARB genera included 
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Desulfuromonas (Bond et al., 2002), which was present at ~2% only in the saltwater 
biofilm.  Although the contribution of non-phototrophic ARB to current generation 
cannot be ruled out, these ARB would not be expected to respond negatively to light.  
Instead, the pattern and magnitude of the light responses presented in this study indicate 
that phototrophic bacteria played a critical functional role in the enriched anode biofilms. 
In the dark and in the light, acetate serves as a respiratory electron donor for non-
photosynthetic ARB.  In green sulfur bacteria, reductive photoassimilation of acetate 
leads to increased synthesis of intracellular glycogen as a storage polymer, with sulfide 
serving as the electron donor (Sirevåg and Ormerod, 1970b).  In the dark, when sulfide is 
not oxidized, glycogen catabolism supplies cells with energy and reducing power 
(Sirevåg and Ormerod, 1977; Thorud and Sirevåg, 1982), and acetate is formed as a 
byproduct, potentially adding to the balance of electron donors available to non-
photosynthetic ARB situated in a biofilm shared with green sulfur bacteria.  In addition, 
light-driven sulfur cycling between green sulfur bacteria and sulfur-reducing bacteria 
(Warthmann et al., 1992) could also lead to formation of S0 as a competing electron sink 
for non-phototrophic ARB in the light.  Thus acetate exchange or sulfur cycling between 
green sulfur bacteria and non-phototrophic ARB are possible mechanisms by which 
green sulfur bacteria function in phototrophic ARB biofilms.  Controlled coculture 
experiments are warranted to further investigate these possible syntrophies and their 
responsiveness to light.   
Implications.  The data presented here establish the possibility for non-mediated 
electricity generation by novel phototrophic ARB.  Further work is necessary to examine 
possible anode respiration capabilities of phototrophs in pure culture and to evaluate 
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syntrophies in coculture with non-phototrophic ARB.  Light-responsiveness of green 
sulfur bacteria-dominated biofilms suggests expanding the list of ARB to potentially 
include green sulfur bacteria.  The suspected ubiquity of extracellular electron transfer in 
the bacterial world (Gorby et al., 2006) along with possible importance of 
electrochemical communication in biogeochemistry (Nielsen et al., 2010) invites further 
exploration of MXCs as microbiological tools for selective enrichment of phototrophic 
ARB.  These bacteria hold several advantages in potentially providing useful couplings 
between photosystems and electrodes, including solar energy conversion to electricity 
and fuel synthesis from cathode-derived electrons, CO2, and light. 
3.4  Appendix 
Determination of medium potential vs. SHE.   The potential correction between Ag/AgCl 
and SHE can be calculated using the activity of chloride ions (aCl) and the Nernst 
equation: E = E° − (RT/F)(ln aCl), where E° = 0.222 V vs. SHE at 25°C.  As the 
concentration of Cl− and other ions increases, the activity decreases and it becomes 
necessary to measure the potential correction empirically.  One chamber of an H-type 
MXC (described below) was filled with 3M KCl, and the other chamber was filled with 
either fresh- or saltwater media containing all electron donors. The chambers were 
separated by an anion exchange membrane.  The potential drift between two Ag/AgCl 
reference electrodes (BASi, West Lafayette, IN) was measured using a digital multimeter 
with both electrodes placed in the KCl chamber.  Keeping one electrode submerged in the 
KCl solution, the second electrode was then dipped into media and the potential between 
each electrode was recorded again. These values were summed and added to the known 
potential for an Ag/AgCl reference electrode in 3M KCl (210 mV vs. SHE) (Friis et al., 
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1998).  Fresh- and saltwater media had potentials of 305 mV and 266 mV vs. SHE, 
respectively, and these values were used to convert Ag/AgCl potentials to SHE.   
MXC construction.  Two-chamber H-type microbial electrolysis cells were 
constructed as described previously (Parameswaran et al., 2009).  Briefly, two 250-ml 
flanged glass bottles were separated by two Viton gaskets (7.6 cm/4.2 cm outer/inner 
diameter; McMaster-Carr) and sealed with #65 stainless steel pinch clamp (Chemglass, 
Vineland, NJ).  A circular piece of AMI-7001 anion exchange membrane (55 mm 
diameter; Membranes International, Inc.) separated anode and cathode chambers.  The 
membrane was pre-soaked for several days in sterile 3M NaCl before use. 
 To construct anodes, three 7-cm lengths of graphite rod (0.318 cm diameter; 
Graphite Store, Buffalo Grove, IL) were soaked in 0.1 M nitric acid for 60 min.  
Electrodes were dried and sanded sequentially with 600-grit and 1500-grit aluminum 
oxide sandpaper until a uniformly polished surface was obtained.  A single hole was 
drilled into one end of the graphite rod to accept the external wire.  A 43-mm diameter 
straight-plug EPDM stopper (Wheaton, Millville, NJ) served as the anchor for the 
electrodes.  Wiring was forced through a 55-mm length of PTFE tubing (32 mm 
diameter) leaving a short length of exposed wire, and this assembly was pulled through 
alternating holes in the stopper to provide wire leads for the electrodes and uniform 
electrode spacing.  Varying lengths of the same PTFE tubing were used to provide 
individual gas and media supply lines and a common effluent line.  The height of the 
effluent tubing was adjusted to yield a working anode chamber volume of 350 ml.  Wires 
were covered with a thin layer of silver epoxy (AI Technology Inc., Princeton Junction, 
NJ) and inserted into the holes in the electrodes, and the junction was covered by a 1-cm 
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length of #16 Norprene tubing (Cole-Parmer) to provide a total electrode surface area of 
18 cm2.  Using a digital multimeter, contact resistances were measured to be <2 Ω for 
each electrode.  Counter electrodes consisted of a single graphite rod passed directly 
through another rubber stopper. 
Graphite rod electrodes and a magnetic stir bar were inserted into clamped dual-
chamber “H-type” reactors, wrapped with aluminum foil, and the entire assembly lacking 
both the anion exchange membrane and reference electrode was autoclaved for 30 min.  
For sterilization, the pre-soaked anion exchange membrane was transferred using sterile 
forceps to a petri dish containing 70% (v/v) ethanol for 30 s, rinsed twice (1 min each) in 
sterile deionized H2O, and transferred to a petri dish containing sterile 3M NaCl.  An 
Ag/AgCl reference electrode (BASi, West Lafayette, IN) dipped into 70% ethanol and 
inserted into the anode chamber. 
Scanning electron microscopy.  A ~1.5-cm length of electrode was cut such that it 
fell gently into a 2-ml cryovial containing a fixative solution of 2% glutaraldehyde in 1 × 
phosphate-buffered saline (PBS).   Biofilm samples were fixed at 4°C overnight and 
washed 3 times in PBS (10 min each). Samples were post-fixed in 1% OsO4 in 1 × PBS 
at room temperature for 1 h and washed again in PBS before dehydration in a graded 
acetone series (20% (v/v), 40%, 60%, 80%, 100% 3 times; 10 min at each step).  
Dehydrated samples were critical point dried, sputter-coated, and mounted on stubs using 
carbon adhesive and colloidal graphite (20% w/v in isopropanol; Ted Pella Inc., Redding, 
CA).  Biofilms were imaged under an XL-30 environmental SEM (Philips) with an 
accelerating voltage of 5 kV at a working distance of 4-10 mm. 
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CHAPTER 4 
COUPLING DARK METABOLISM TO ELECTRICITY GENERATION  
USING PHOTOSYNTHETIC COCULTURES 
 This Chapter has been submitted in an altered format for publication in 
Biotechnology and Bioengineering (Badalamenti et al., 2013c). 
 
4.1  Introduction 
Biogeochemical cycles occur via energy-conserving microbial transformations 
requiring cooperation among individual microbes performing specialized functions 
within diverse communities (Ehrlich and Newman, 2009b).  However, the unculturability 
of most microorganisms poses a major challenge in understanding the individual and 
synergistic roles for key microbial populations in situ.  A fundamental approach for 
studying such interactions is the construction of defined cocultures (Stewart, 2012).  
Benefits of coculture-based investigations range from alleviation of product inhibition 
and consumption of dead-end metabolites (Jiao et al., 2012), to the exchange of beneficial 
substrates or growth factors (Yan et al., 2012), maintenance of energy balance (McCarty 
and Bae, 2011), selective coupling of redox reactions (Cord-Ruwisch et al., 1998), 
understanding routes of extracellular electron transfer (Stams et al., 2006; Summers et al., 
2010), and applications in synthetic biology (Wintermute and Silver, 2010).  Bottom-up 
reconstruction of relevant biotransformations using cocultures simplifies examination of 
complex multispecies interactions and can even lead to laboratory culturing of previously 
unculturable bacteria (Stewart, 2012). 
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 Interfacing bacteria with electrodes (Section 2.2) creates opportunities for 
integrating MXCs with coculture-based studies, since the anode can serve as the sole 
electron acceptor, and substrate oxidation can be monitored in real time.  For example, a 
coculture of fermentative Clostridium cellulolyticum and anode-respiring Geobacter 
sulfurreducens cooperatively captured electricity from cellulose (Ren et al., 2007).  In a 
separate study, a photosynthetic MXC utilizing the green alga Chlamydomonas 
reinhardtii in coculture with G. sulfurreducens generated light-responsive current from 
organic compounds released by the phototroph in the dark (Nishio et al., 2012).  These 
studies highlight the modularity provided by MXCs in coupling a range of upstream 
microbial processes to a common output, i.e. electricity.  Light-responsiveness is also a 
distinguishing feature of several mixed culture photosynthetic MXCs in which anode 
respiration is either spatially or temporally separated from photosynthesis (He et al., 
2009; Xing et al., 2009).   
As discussed in Section 2.6.2, photosynthesis plays a central role in 
biogeochemical sulfur cycling, in which anoxygenic photosynthetic sulfide oxidizers 
cooperate with anaerobic chemotrophic sulfate or sulfur reducers (Ehrlich and Newman, 
2009b).  Sulfate reduction yields reduced sulfur compounds, whose oxidation provides 
reducing power for CO2 fixation by photosynthetic purple and green sulfur bacteria.  
Release of organic compounds from stored photosynthate in turn can provide a carbon 
source for sulfate reducers in a temporally separated manner (Ehrlich and Newman, 
2009b; Overmann and van Gemerden, 2000).  This scheme involving sulfur cycling has 
been extensively studied in anoxic cocultures of green sulfur bacteria and sulfate or sulfur 
reducers, in which sulfur is cycled several times (Biebl and Pfennig, 1978) and 
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photosynthesis becomes tightly coupled to the activity of the sulfate or sulfur reducer 
(Overmann and van Gemerden, 2000).  For example, when acetate was supplied, a 
coculture of sulfur-reducing Desulfuromonas acetoxidans and photosynthetic 
Chlorobium vibrioforme photoproduced H2 in a light-driven sulfur cycle (Warthmann et 
al., 1992).  Here, the electron acceptor for Desulfuromonas was elemental sulfur (S0), 
which forms either as an intermediate or end product in both sulfate reduction and 
photosynthetic sulfide oxidation.   
The photosynthetic enrichment strategy I presented in Chapter 3 suggested a 
functional role for green sulfur bacteria in current generation showing a negative light 
response.  My primary objective in this Chapter was to investigate the microbiological 
basis for this pattern of light-responsiveness by comparing monocultures with cocultures 
of anode-respiring Geobacter and photosynthetic Chlorobium.  First, I used MXCs to 
study light-driven changes in metabolism in real time based on the dark release of 
photosynthetically accumulated organic material.  Current production was light-
responsive in cocultures, but not in monoculture controls, and this pattern coincided with 
dark fermentation of glycogen by Chlorobium.  Next, I constructed batch bottle 
cocultures to investigate this syntrophy outside the context of an MXC.  In these 
experiments, I examined the effect on Geobacter whens photosynthesis and dark 
fermentation were required to provide its electron acceptor (S0) and donor (acetate), 
respectively.  This work differs from previous coculture studies in which an organic 
electron donor was exogenously supplied to the sulfur reducer (Biebl and Pfennig, 1978; 
Warthmann et al., 1992).  The work presented in this Chapter expands upon the fusion of 
MXCs with coculture techniques, and it reinforces the utility of microbial 
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electrochemistry for sensitive, real-time monitoring of microbial interactions in which a 
metabolic intermediate can be converted to electrical current. 
4.2  Materials and Methods 
Isolation of pure cultures.  A ~4 mm2 section of phototrophically enriched freshwater 
anode biofilm in Chapter 3 was resuspended in mineral medium (described below) and 
split in two for isolating pure cultures of both Geobacter and Chlorobium.  Geobacter 
was isolated by picking single colonies as described in Section 5.4.  Chlorobium was 
isolated as described in detail (Overmann, 2006) by serial dilution in soft agar (1% w/v) 
containing medium (see below) supplemented with 2 mM sulfide and 10 mM acetate.  
Dilution tubes were incubated at room temperature under constant illumination of 1000 
lux (Extech Instruments, Nashua, NH) provided by a 60-W incandescent bulb.  Individual 
colonies appeared within 6-9 d.  Single green colonies were picked in an anaerobic glove 
box (Coy Laboratory Products, Grass Lake, MI) using a sterile Pasteur pipette and 
resuspended into 10 ml medium amended with 2 mM sulfide.  The soft agar dilution 
series was repeated a total of three times until a pure culture was obtained.  Culture purity 
was verified by light microscopy and T-RFLP as previously described (Sheng et al., 
2011).  The Chlorobium isolate produced green cultures, photosynthetically oxidized 
sulfide to sulfur and sulfate, and incorporated acetate for photomixotrophic growth.  Cells 
were slightly curved rods ~1-1.5 µm in length with some cells forming chains longer than 
5 µm. 
16S rDNA cloning and sequencing.  I performed PCR using primers 8F and 
1525R to clone and sequence the 16S rDNA of each isolate as described previously 
(Torres et al., 2009).  Geobacter had 98% sequence similarity (1525/1549 bases) with 
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Geobacter sulfurreducens PCA (Caccavo et al., 1994).  The Chlorobium isolate was most 
closely related (99%; 1477/1494 bases) to Chlorobium limicola DSM 245T, in agreement 
with its size, morphology, sulfide utilization, and growth in freshwater medium 
(Overmann, 2006). 
Media and culture conditions.  I maintained Chlorobium under constant 
illumination (1000 lux) at room temperature in anoxic mineral medium (pH 7.2) buffered 
with 50 mM NaHCO3 under an 80:20 N2:CO2 atmosphere (Widdel and Bak, 1992).  
Cultures were stored at 4°C in the dark (Overmann, 2006) until needed for inoculating 
fresh cultures (1:10 inoculum).  To supply electron donor, I fed 2 mM sulfide every 2-3 d 
from an anoxic stock solution (Overmann, 2006) adjusted to pH 9 with HCl.  In addition, 
seed cultures for MXC and batch serum bottle cocultures were amended with 1 mM 
acetate at each sulfide addition to increase cell density and to promote glycogen synthesis 
(Sirevåg and Ormerod, 1970a).  Geobacter was maintained in the same medium lacking 
sulfide but containing 10 mM acetate and 40 mM ferric pyrophosphate (Caccavo et al., 
1994). 
MXC construction and operation.  Dual-chamber H-type microbial electrolysis 
cells (330 ml anode volume) separated by anion exchange membrane (AMI 7001, 
Membranes International) were constructed as previously described (Parameswaran et al., 
2009).  Graphite counter electrodes were submerged in an anoxic NaOH solution, pH 
12.5.  Polished graphite anodes (5.3 cm2) were poised at −0.25 V vs. an Ag/AgCl 
reference electrode (+0.02 V vs. SHE; BASi, West Lafayette, IN) using a VSP 
potentiostat (BioLogic, Knoxville, TN).  All MXC experiments were performed at room 
temperature (24 ± 2° C) with continuous agitation. 
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MXC coculture experiments.  I set up a total of three MXCs consisting of one 
coculture and two monoculture controls.  I grew duplicate 100-ml cultures of Chlorobium 
fed periodically with sulfide and acetate as described above.  During the final sulfide 
addition, acetate was not added to ensure complete consumption before coculture 
inoculation.  Over the same time interval (10 d), I grew Geobacter in duplicate MXCs fed 
with 10 mM acetate to a current density of ~2 A m−2, and then I replaced the anode 
solution donor-free medium.  After 1 h, I prepared the coculture MXC by removing 100 
ml of medium from one of the Geobacter MXCs and adding 100 ml of Chlorobium 
culture.  In addition, I prepared the Chlorobium monoculture control MXC by adding 100 
ml Chlorobium to a reactor containing acetate-free medium.  After introduction of the 
Chlorobium culture, the reactors were allowed to stabilize to the same current in the light 
for 30 min before being placed in darkness.  I then subjected the MXCs to light-dark 
cycles (1000 lux; 8h-16h, respectively), based on the duration of light cycles in Chapter 
3, for 4 days until current dropped to zero.  All experiments were repeated once.  After 
the second run I began 12-h diurnal light cycles to emulate environmental conditions.  To 
supply electrons to Chlorobium, I flowed medium, in the light only, containing 1 mM 
sulfide as the sole electron donor at a 0.3 ml min−1 flow rate as described in Section 3.2.  
For sulfide-fed experiments, I lowered the anode potential to −0.35 V vs. Ag/AgCl 
(−0.08 V vs. SHE) to eliminate the background current (~5-10 µA) observed in sulfide-
containing abiotic controls poised at −0.25 V vs. Ag/AgCl. 
Chemical analyses.  I collected glycogen from 0.5 ml samples of anode 
suspension by cell lysis in 30% (w/v) KOH and extraction in ethanol as previously 
described (Ernst et al., 1984).  I measured acetate and glycogen with a fluorimetric 
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enzyme-based assay kit (BioAssay Systems, Hayward, CA) according to the 
manufacturer’s instructions using a Synergy H4 fluorescence plate reader (BioTek, 
Winooski, VT). 
Batch serum bottle cocultures.  I set up a total of four culture conditions: 
monocultures of either Geobacter or Chlorobium, as well as cocultures with or without 
sulfide.  For Chlorobium only, coculture + sulfide, and coculture – sulfide conditions, I 
inoculated (1:10) triplicate 100-ml cultures in 125-ml serum bottles (9 bottles total) with 
Chlorobium grown to produce glycogen as described above.  Then, I resuspended 
Geobacter cells from an anode biofilm producing >6 A m−2 in sterile medium (OD600 1.0) 
and injected 0.05 ml (1:2000 inoculum) of this suspension to the cocultures.  In addition, 
I prepared Geobacter-only control cultures using the same Geobacter suspension and 
1:2000 dilution factor in 1-liter stoppered media bottles.  All culture bottles were 
incubated at room temperature with 12-h diurnal cycles.  I amended Chlorobium-only 
and coculture + S cultures with 1 mM sulfide at inoculation and again every 48 hours 
with additions occurring halfway through a light cycle (7 additions total).  Geobacter and 
coculture –S cultures received only one sulfide addition at inoculation. 
DNA extraction and quantitative PCR (qPCR).  I extracted DNA at inoculation 
and every 4 d thereafter following dark periods (through Day 12, then every 8 d for 40 d 
total) from cell pellets taken from 1 ml of serum bottle cultures and 50 ml of Geobacter 
cultures as previously described (Sheng et al., 2011).  DNA was diluted 1:100 and 
amplified by qPCR using 16S rDNA-directed primer sets Geo564f and Geo840r 
(targeting Geobacteraceae) (Cummings et al., 2003) or GSB532f and GSB832r (targeting 
green sulfur bacteria) (Overmann et al., 1999).  10-µl qPCRs contained 0.25 µM each 
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primer and 1X SYBR Green Mastermix (5PRIME).  Amplification used a thermal profile 
of 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 55°C for 30 s, and 68°C for 30 
s.  Melting curves showed no nonspecific or cross-target amplification.  I generated linear 
calibration curves (R2 = 0.999) for both targets by serial dilution of cloned 16S rDNA 
(see above) with amplification efficiencies of 92-98%. 
4.3  Results 
To reconstruct light-responsive current production observed in Chapter 3, I first studied 
monocultures of Geobacter and Chlorobium isolates using an MXC platform, and I 
compared their electrochemical behavior against the coculture.  In this setup, no 
exogenous electron donors were supplied, and the anode was the sole electron acceptor.  
Monocultures thus provided background controls for current generation and light-
responsiveness.  In the coculture, however, Geobacter cells attached to the electrode 
served as living biosensors of upstream carbon metabolism by Chlorobium.   Green sulfur 
bacteria synthesize glycogen (polyglucose) in the light as an intracellular storage polymer 
derived from CO2 fixation via the reductive tricarboxylic acid (TCA) cycle, with 
reducing power supplied from photosynthetic sulfide oxidation (Sirevåg and Ormerod, 
1970a; Sirevåg and Ormerod, 1977).  Acetate can also be reductively photoassimilated 
via a pathway that augments glycogen synthesis (Sirevåg, 1975).  Glycogen reserves are 
fermented in the dark primarily to acetate and other organic acids (Sirevåg and Ormerod, 
1977).  In the coculture MXC, I hypothesized that Geobacter cells would utilize any 
acetate released as an electron donor, resulting in more current being produced in the 
dark than in the light, as observed in Chapter 3. 
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 Cocultures were required for light-responsive current production.  Figure 4.1A 
shows the dynamics of current production for the coculture MXC compared to 
monoculture controls. In acetate-free media, coculture and Geobacter-only reactors 
stabilized to the same current (~80 µA) before being placed in darkness.  As expected, the 
coculture MXC showed a 2 – 2.5-fold increase in current in the subsequent dark period 
compared to the Geobacter control.  The coculture displayed a dramatic negative light 
response within 10 minutes in the subsequent light period, similar to the behavior 
observed in Chapter 3.  Light responses did not result from sudden fluctuations in 
temperature.  Repeated light-dark incubations showed light-responsiveness only for the 
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Figure 4.1.  A – Dynamics of light-responsive current generation in MXCs containing 
monocultures of Chlorobium (green), Geobacter (red), and cocultures of these bacteria 
(black).  Gray areas indicate periods of darkness.  B – Production and consumption of 
glycogen in MXC cocultures (black) and Chlorobium-only control (green).  Error bars 
represent standard deviation of triplicate measurements. Grey areas indicate periods of 
darkness. 
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coculture, but the magnitude decreased over the 4-d incubation (Figure 4.1A), suggesting 
exhaustion of available upstream electron donor.  In addition, I ruled out direct current 
production by Chlorobium as a possible explanation for light-responsive current 
production, as shown in Figure 4.1A.  These results supported the hypothesis that 
Geobacter cells could report, in real time, the kinetics of glycogen fermentation by 
Chlorobium.   
   Fluctuations in glycogen concentrations coincided with light-responsive current 
generation by the coculture MXC.  Figure 4.1B shows a pattern of glycogen depletion in 
the dark as expected for Chlorobium, and the eventual loss of detectable glycogen agrees 
with current falling to baseline levels by 96 h post inoculation (Figure 4.1A).  
Surprisingly, the coculture appeared to replenish its glycogen content during light periods 
(Figure 4.1B, hours 42-50), which would have required a source of reduced sulfur as 
electron donor.  It is possible that carryover of residual S0 occurred upon inoculation of 
the coculture, and that Geobacter cells may have used some of this S0 as an alternative 
electron acceptor (Caccavo et al., 1994), thereby providing sulfide to Chlorobium.  This 
possibility could explain why glycogen appeared to be resynthesized in the coculture, but 
not in the Chlorobium-only control (Figure 4.1B).   
 Cocultures recovered electrons from sulfide as current.  Because I did not provide 
any exogenous electron donors, the electrons recovered by the coculture MXC were 
originally derived from sulfide fed to Chlorobium before inoculation into the anode.  To 
further investigate whether electrons from sulfide could be repeatedly captured as current 
via carbon cycling, I operated coculture and monoculture MXCs with 12-h diurnal 
cycling and continuous feeding of medium containing 1 mM sulfide during the light 
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cycles.  This arrangement ensured that glycogen-rich Chlorobium cells would not be 
diluted during dark periods.   
In the coculture MXC, I observed a pattern of negative light-responsiveness in 
which current was detected above baseline levels only in the dark (Figure 4.2A).  Current 
consistently decreased within 5-10 minutes of each light exposure, while increases in the 
dark spanned several hours (Figure 4.2A).  This pattern agreed with electricity generation 
from sulfide in two temporally separated steps: glycogen synthesis by Chlorobium in the 
light, followed by delivery of electrons to Geobacter via glycogen fermentation to acetate 
in the dark.  The Chlorobium monoculture MXC failed to produce current (data not 
shown; see Fig. 4.1).  However, current produced by the Geobacter-only control showed 
gradual decay and light-responsiveness opposite to that of the coculture (Figure 4.2A).  
Observed changes in current did not result from abiotic sulfide oxidation on the anode, 
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Figure 4.2.  A – Light-responsive current generation in phototrophic coculture (black) 
compared to the Geobacter-only control (red).  Grey areas indicate periods of darkness.  
Medium containing 1 mM sulfide was fed to both experiments continuously in the light 
periods only.  B – Concentrations of glycogen in the MXC coculture (blue) and 
Chlorobium monoculture (green) over three diurnal cycles. Error bars report standard 
deviation of duplicate measurements.  Grey bars indicate periods of darkness. 
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since an abiotic control poised at the same potential (−0.08 V) did not produce current 
(Figure 4.3).  Instead, my data raise the possibility that Geobacter biofilms catalyzed 
anodic sulfide oxidation, since current increased only during periods of continuous 
feeding (Figure 4.2A).  Whether Geobacter cells might obtain energy from such a 
reaction requires further investigation. 
No obvious patterns of glycogen accumulation or fermentation were evident in 
the continuously fed sulfide MXCs (Figure 4.2B).  In the absence of other electron 
donors, glycogen fermentation provides both energy and reducing power for cell 
maintenance in the dark.  This demand for reducing power can be partially met if an 
electron donor such as sulfide is available (Sirevåg and Ormerod, 1977).  The fact that 
glycogen concentrations remained relatively stable when sulfide was present (Figure 
4.2B), but fluctuated when sulfide was absent (Figure 4.1B), supports the hypothesis for 
selective mobilization of glycogen for reducing power based on availability of other 
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Figure 4.3.  Current production (recorded after 10 minutes poised at each potential) as 
a function of anode potential for an abiotic control MXC containing 1 mM sulfide.  
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electron donors.  However, current generation by the continuously fed coculture (Figure 
4.2A) suggests that some glycogen was nonetheless fermented, presumably to supply 
ATP to Chlorobium in the dark, but that the amount of glycogen broken down was a 
small fraction of the total intracellular reserve.   
Despite light responsiveness suggesting the release of an electron donor for 
Geobacter in the dark (Figure 4.2A), acetate concentrations were consistently below 
detection limits of HPLC and fluorimetric assays.  These results suggest either that the 
concentrations of acetate inherently produced were extremely low or that the 
consumption rate by Geobacter was greater than or equal to the production rate by 
Chlorobium.  It is possible that current generation by Geobacter in the coculture resulted 
from glycogen fermentation by Chlorobium releasing other electron donors used by 
Geobacter, such as lactate or formate (Speers and Reguera, 2012a). However, the 
spectrum of organic acids released by green sulfur bacteria during dark fermentation 
suggests that acetate was likely the dominant fermentation product (Sirevåg and 
Ormerod, 1977).   
 Batch cocultures supported growth of Geobacter without electrodes.  To further 
investigate the interaction between Chlorobium and Geobacter, I performed experiments 
in batch serum bottles with Chlorobium and Geobacter such that the anode was no longer 
available as an electron acceptor.  In this setup, Geobacter cells relied on Chlorobium to 
provide its electron donor (acetate) and electron acceptor (S0).  Since production of these 
compounds is temporally separated between light and dark periods, I maintained 12-h 
diurnal cycles by feeding sulfide every 48 h for 12 d and evaluating changes in the 
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Chlorobium and Geobacter populations over time by group-specific 16S rDNA-targeted 
qPCR.   
I observed an approximately 14-fold increase in Geobacteraceae 16S rDNA 
copies in the sulfide-fed coculture after 40 days (Figure 4.4A) when compared to 
cocultures without sulfide feeding.  These results suggested a benefit to Geobacter 
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Figure 4.4.   Dynamics of bacterial abundance and glycogen accumulation in diurnally 
cycled batch serum bottle cocultures.  A – Progression of Geobacteraceae 16S rDNA 
copies in diurnally cycled sulfide-fed coculture (blue), sulfide-free coculture (orange), 
and Geobacter monoculture (red).  The plot shows representative data from triplicate 
experiments.  In the coculture with sulfide, 1 mM sulfide was fed at inoculation and 
every 48 h thereafter through Day 12 (7 additions total).  Error bars indicate standard 
deviation of triplicate qPCRs.  B – Progression of green sulfur bacterial 16S rDNA 
copies in sulfide-fed coculture (blue), sulfide-free coculture (orange), and Chlorobium 
monoculture (green).  C – Light-dependent progression of glycogen concentrations 
surrounding the sulfide addition on Day 8, which is indicated by the black arrow. 
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provided by Chlorobium in cocultures, but only when sulfide was supplied.  In addition, 
Geobacteraceae 16S rDNA copies continued to increase in the sulfide-fed coculture even 
after the final sulfide dose on day 12 (Figure 4.4A).  This observation raises the 
possibility that a closed, light-driven sulfur cycle was active in the coculture, in which 
sulfur produced by Chlorobium was rapidly re-reduced to sulfide and sulfur was recycled 
several times (Biebl and Pfennig, 1978).  In essence, my results suggest that, even in the 
absence of exogenously supplied electron donor and acceptor, a measurable increase in 
Geobacteraceae 16S rDNA could be nonetheless achieved by supplying light as the only 
energy input and sulfide as the only source of electrons. 
Coculture dependence on sulfur cycling was also evident when comparing 16S 
rDNA copies of green sulfur bacteria with and without sulfide.  After 8 days, cocultures 
without sulfide showed a gradual loss of green sulfur bacterial 16S rDNA copies 
compared to cocultures with sulfide (Figure 4.4B).  Glycogen content in increased in 
response to the sulfide addition on day 8 (Figure 4.4C), providing direct evidence for 
glycogen being a sink for electrons derived from sulfide oxidation.  Taken together, these 
results agree with Geobacter being dependent on the products of both light and dark 
metabolism by Chlorobium in cocultures.   
4.4  Discussion 
I established coculture systems between Chlorobium and Geobacter with and without 
MXCs based on a light-driven sulfur cycle that did not require addition of an exogenous 
electron donor or carbon source for growth of the non-photosynthetic partner.  This 
arrangement differed from previous cocultures of green sulfur bacteria and sulfur- or 
sulfate-reducing bacteria in which electron donors such as acetate, ethanol, and propanol 
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were supplied (Biebl and Pfennig, 1978).  Photohydrogen production in a coculture of 
Chlorobium and Desulfuromonas required acetate as an electron donor to drive light-
driven sulfur cycling and photosynthetic accumulation of glycogen by the phototroph 
(Warthmann et al., 1992).  I hypothesized that photosynthetic cocultures could be 
investigated in the context of an MXC where the anode presents an alternative electron 
acceptor to insoluble S0, provided the sulfur reducer is capable of anode respiration.  In 
this respect, G. sulfurreducens provides an excellent model for coculture-based 
investigations given its robust anode respiration capabilities (Lovley et al., 2011) and 
utilization of S0 as an electron acceptor (Caccavo et al., 1994).  Recent work validated 
such a role for Geobacter in examining carbon utilization in Chlamydomonas cocultures 
(Nishio et al., 2010).  However, sensitivity of Geobacter to oxygen (Qu et al., 2012) 
points to anoxygenic phototrophs being more suitable microbial partners in an MXC 
context. 
 The phototrophic enrichment study presented in Chapter 3 yielded a diverse 
microbial community with current generation showing a negative light response.  
Cocultures based on isolation of the two dominant bacteria predicted to be directly 
responsible for this behavior, i.e. a phototroph (Chlorobium) and an anode respirer 
(Geobacter) (see Figure 3.5; Table 3.1), effectively reconstructed the same pattern of 
light-responsiveness from the fewest possible organisms.  Therefore, my results show 
that the addition of a single photosynthetic partner to ARB is sufficient to impart light-
responsiveness to current production.  The fact that electricity generation decreased in the 
light and increased in the dark (Figs. 4.1A and 4.2A) supports a model, shown in Figure 
4.5, in which Geobacter requires acetate as an electron donor that is supplied by 
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Chlorobium only in the dark.  In the light, Chlorobium appears to obtain energy by 
rapidly (on the order of 5-10 minutes) shifting its metabolism away from glycogen 
fermentation towards either phototrophy or photosynthesis (Bryant and Frigaard, 2006), 
depending on the availability of sulfide as electron donor.  The result is an interruption in 
the supply of acetate to Geobacter, resulting in a sudden decrease in current (Figure 4.5).  
Such a scheme agrees with the fact that significantly more ATP is available from 
photophosphorylation than from substrate-level phosphorylation (Gottschalk, 1986).   
 Acetate concentrations in the micromolar range or lower are consistent with those 
encountered by Geobacter in natural environments (Esteve-Núñez et al., 2005) and 
sufficient to generate an electrochemical response (Liu and Bond, 2012).  The net charge 
collected by the potentiostat from the donor-free coculture (0.6 mAhr, Figure 4.1A) 
predicts that Chlorobium must have cumulatively released ~8.5 µM acetate in the dark.   
This calculation was consistent with acetate concentrations being below detection limits 
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Figure 4.5.  Proposed coculture model for current production in the dark.  A – In the 
light, Chlorobium photosynthetically accumulates glycogen (red particles) using 
electrons derived from sulfide oxidation.  B – In the dark, Chlorobium ferments 
glycogen to acetate, which is consumed by Geobacter to produce electric current. 
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of ~100 µM and was also in stoichiometric agreement with the range of glycogen 
concentrations observed (0-2.2 µg/ml as glucose), assuming acetate comprises 80% of the 
products released from glycogen fermentation (Sirevåg and Ormerod, 1977).  Comparing 
the number of electrons present in glycogen at its maximum concentration (2.1 µg/ml as 
glucose) to the current collected by the coculture, after subtracting the electrons produced 
in the Geobacter-only control, yielded a Coulombic efficiency (CE) of 30%.  The fact 
that glycogen transiently increased in this experiment (Figure 4.1B) suggested that more 
electrons were initially present in the system, presumably from carryover of S0 in the 
inoculum, than were originally contained in glycogen.  It is possible that Geobacter 
diverted a fraction of its electrons away from anode respiration towards S0 reduction, 
thereby lowering the CE.  Nonetheless, these results bring attention to the sensitivity 
afforded by MXC-based cocultures in which measurable electrical signal is generated 
even if only a fraction of the available electrons are collected as current.   
In this study, I report glycogen fermentation kinetics in green sulfur bacteria 
measured in real time by monitoring light-responsive current generation.  Negative light 
responses were routinely detected within minutes, a pattern that reinforces the versatility 
of MXCs in revealing kinetic responses to physical and microbiological perturbations 
with high temporal resolution.  In addition, MXC-based cocultures could potentially be 
used as biosensors for rapid detection of metabolites at extremely low concentrations 
with high sensitivity.  To that end, my results highlight the potential opportunities for 
using electrodes to study rate-limiting steps in upstream fermentations.  Incorporating 
electrodes in coculture experiments also enables electricity production from higher 
substrates and dead-end fermentation products, provided the end product can serve as an 
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electron donor to ARB.  Such an approach was recently employed in an ethanol-
producing MXC coculture in which G. sulfurreducens effectively converted undesired 
fermentation products to electricity (Speers and Reguera, 2012b).  The work presented in 
this Chapter underscores the utility of MXCs as robust platforms for photosynthetic 
cocultures, both in fundamental microbiological studies and practical applications.   
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CHAPTER 5 
GENERATION OF HIGH CURRENT DENSITIES BY PURE CULTURES OF 
ANODE-RESPIRING GEOALKALIBACTER SPP.  
UNDER ALKALINE AND SALINE CONDITIONS  
 This Chapter was published in an altered format in mBio (Badalamenti et al., 
2013a). 
 
5.1  Introduction 
In Chapter 3, I identified a novel genus, Geoalkalibacter, in the saltwater 
enrichment (Figure 3.5).  Based on the results presented in Chapter 4, which indicated 
that non-photosynthetic ARB were required for light-responsive current generation, I 
hypothesized that Geoalkalibacter spp. might function as novel halophilic ARB.  In 
nature, ARB perform EET in order to respire insoluble Fe(III) and Mn(IV) oxides, and 
these bacteria are routinely enriched in current-generating anode biofilms in MXCs (Jung 
and Regan, 2007).  Representatives span several phyla and are usually found in sediments 
and subsurface environments (Weber et al., 2006), where they harness energy available 
from oxidation of simple organic compounds coupled to reduction of solid electron 
acceptors (Bird et al., 2011).   
Members of the Geobacteraceae family of δ-Proteobacteria have been well 
studied both for their omnipresence in high current-producing MXCs (Miceli et al., 2012; 
Torres et al., 2009) and for their abundance in Fe(III)-reducing environments, which can 
vary greatly in temperature, salinity, and pH (Holmes et al., 2004).  However, 
Geobacteraceae members have shown poor conservation among the genes encoding 
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outer membrane cytochromes that facilitate EET (Butler et al., 2010), in contrast to the 
conserved pathways for moving electrons past the outer membrane in metal-reducing 
Shewanella (Hartshorne et al., 2009).  This suggests that the Geobacteraceae family has 
evolved multiple molecular strategies for carrying out metal reduction, thereby 
maintaining competitive advantage under different environmental conditions.  As 
discussed in Section 2.1, amperometric techniques using a potentiostat (Harnisch and 
Rabaey, 2012) can help elucidate these EET mechanisms.  
Alkaline Fe(III) reduction has been reported primarily for several low G+C Gram-
positive bacteria (Blum et al., 1998; Gorlenko et al., 2004; Ye et al., 2004).  Many of 
these microorganisms have been isolated from soda lakes (Pollock et al., 2007) where 
they influence Fe biogeochemistry under elevated salinity and pH values sometimes 
exceeding pH 12.  Respiratory Fe(III) reduction has been documented for the alkaliphilic 
isolates Bacillus infernus, Alkaliphilus metalliredigens, and Anaerobacillus 
arseniciselenatis (Blum et al., 1998; Boone et al., 1995; Ye et al., 2004), as well as for all 
genera belonging to Geobacteraceae with the exception of Pelobacter (Butler et al., 
2009).  The characterization of Geoalkalibacter ferrihydriticus DSM 17813, another soda 
lake isolate, expanded on the well-studied metal-reducing capabilities of Geobacteraceae 
to include Fe(III) reduction up to pH 10 (Zavarzina et al., 2006).  More recently, isolation 
of the halophilic but neutrophilic Glk. subterraneus DSM 23483 led to a broadening of 
the Geoalkalibacter genus description to include non-alkaliphiles (Greene et al., 2009).  
Geoalkalibacter spp. appear to form a distinct phylogenetic branch within the 
Geobacteraceae and are closely related to the halophilic Desulfuromonas clade, in 
agreement with Geoalkalibacter spp. having high salt tolerance (Greene et al., 2009; 
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Zavarzina et al., 2006).  However, the only physiological feature shared between Glk. 
ferrihydriticus and Glk. subterraneus is their ability to couple complete oxidation of 
simple organic molecules to reduction of Fe(III) and Mn(IV) oxides.  
In addition to my identification of Geoalkalibacter 16S rDNA sequences in 
saltwater phototrophic enrichments (Chapter 3), Joseph Miceli also demonstrated 
enrichment of Geoalkalibacter in other current-producing MXCs (Miceli et al., 2012).  
Because this genus had not been previously reported to produce current in pure culture, I 
evaluated Glk. ferrihydriticus DSM 17813 and Glk. subterraneus DSM 23483 for current 
generation using poised electrodes under alkaline (pH 9.3) or saline (1.7% NaCl) 
conditions, respectively.  Electrochemical characterizations established benchmarks for 
growth, anode respiration kinetics, and substrate utilization against other well-studied 
ARB.  Production of high current densities, which I define as >1 A m−2 (Torres et al., 
2010), now extends to haloalkaliphiles (Table 2.1) and provides further microbiological 
insight into the diversity of EET in the Geobacteraceae family.  In addition, the work 
presented in this Chapter reinforces the potential for novel ARB in broadening the range 
of practical applications for MXCs. 
5.2  Materials and Methods 
Strains and culture conditions.  I obtained Geoalkalibacter ferrihydriticus DSM 17813T 
and Geoalkalibacter subterraneus DSM 23483T from the German Collection of 
Microorganisms and Cell Cultures (DSMZ).  The cultures (10 ml; 1:10 inoculum) were 
maintained in butyl rubber-stoppered Hungate tubes containing the recommended anoxic 
mineral medium for each organism.  I flushed the headspaces with either ultra-high purity 
N2 or 80:20 N2:CO2 for Glk. ferrihydriticus and Glk. subterraneus, respectively.  Glk. 
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ferrihydriticus media (pH 9.3) contained (per liter of deionized water): 0.5 g NH4Cl, 0.2 g 
KCl, 0.1 g MgCl2·6H2O, 0.2 g KH2PO4, 1 g NaCl, 0.1 g yeast extract, 1 ml selenite-
tungstate solution (Widdel and Bak, 1992), 1 ml trace mineral solution (Widdel and Bak, 
1992), 3 g Na2CO3, 10 g NaHCO3, and 1.36 g sodium acetate trihydrate (Zavarzina et al., 
2006).  Glk. subterraneus media (pH 7.2) contained (per liter of deionized water): 17 g 
NaCl, 4.5 g MgCl2·6H2O, 0.35 g CaCl2·2H2O, 1 g NH4Cl, 0.08 g KH2PO4, 1 ml selenite-
tungstate solution, 1 ml trace mineral solution, 3.5 g sodium bicarbonate, 1.36 g sodium 
acetate trihydrate, and 3 g yeast extract (Greene et al., 2009).  Sterile, anoxic stock 
solutions of carbonates and yeast extract were added aseptically to autoclaved, cooled 
media.  Cultures of both Geoalkalibacter spp. were amended with 50 mM Fe(III) oxide 
as the electron acceptor from a sterile, anoxic stock solution prepared as previously 
described (Lovley and Phillips, 1986).  Incubation temperatures were 30° and 40° C in all 
experiments for Glk. ferrihydriticus and Glk. subterraneus, respectively.  An isolate of 
Geobacter closely related to Gb. sulfurreducens was grown on electrodes as described in 
the Section 5.4. 
 For MEC experiments, I used the same media compositions as above with the 
following modifications: acetate was increased to 20 mM, all electron acceptors were 
omitted, and yeast extract was substituted with 5 ml/l Wolfe’s vitamin solution (ATCC, 
Manassas, VA).  Media had conductivities of 14.9 mS cm−1 and 38.9 mS cm−1 for Glk. 
ferrihydriticus and Glk. subterraneus, respectively, as measured with a digital 
conductivity meter (Oakton Instruments, Vernon Hills, IL).  I performed two independent 
growth tests with Glk. ferrihydriticus using ethanol as the electron donor in medium 
containing 10 mM absolute ethanol in lieu of acetate.   
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MEC construction, inoculation, and operation.  To maintain strict control over the 
anode, I constructed dual-chamber H-type microbial electrolysis cells (350 ml anode 
volume) with two graphite rod anodes (5.3 cm2 total area) as previously described 
(Parameswaran et al., 2009) and sterilized them by autoclaving.  I polished anodes to a 
smooth surface by sanding with 600- followed by 1500-grit aluminum oxide-silicon 
carbide sandpaper (McMaster-Carr).  Pieces of anion exchange membrane (AMI 7001, 
Membranes International, Inc.) were autoclaved while submerged in 3M NaCl and 
inserted after autoclaving.  An Ag/AgCl reference electrode (BASi, West Lafayette, IN) 
was dipped in 70% (v/v) ethanol, flicked dry, and inserted into anode chambers.  The 
cathode contained a sterile, anoxic NaOH solution (pH 12.5).  I filled the reactors in a 
biosafety cabinet by flowing pressurized media through sterile Norprene tubing (Cole 
Parmer, Vernon Hills, IL).  Before inoculation, I flushed the cathodes with N2 and anodes 
with filtered (0.22 µm pore size) gas appropriate for the organism as described above.  
For Glk. ferrihydriticus experiments, NH4Cl was added to anode chambers after gas 
flushing to prevent loss as NH3 gas (pKa 9.26).  Anode chambers were agitated constantly 
at 150 rpm by magnetic stirring.   
To promote utilization of anodes as electron acceptors, I cultured Geoalkalibacter 
cells in media containing a limiting concentration of 50 mM Fe(III) oxide, and 6 ml of 
stationary phase cultures were used to inoculate two independent MECs (~1:60 
inoculum).  To inoculate two subsequent independent growth experiments, I scraped a 
small biofilm section (~2 mm2) using a needle into 1 ml sterile media in an anaerobic 
chamber (Coy Laboratory Products, Grass Lake, MI), and used 0.1 ml of this cell 
suspension as inoculum.  I performed bulk media replacement in the anaerobic chamber 
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by transferring the anode and reference electrode to a clean MEC containing sterile 
media.   
Chronoamperometry and cyclic voltammetry.  Anodes were poised using a VMP3 
digital potentiostat (Bio-Logic USA, Knoxville, TN) at −0.2 V vs. Ag/AgCl (+0.07 V and 
+0.04 V vs. standard hydrogen electrode (SHE) for Glk. ferrihydriticus and Glk. 
subterraneus, respectively), making the conversion from Ag/AgCl to SHE based on the 
ionic strength of each medium as described in Section 3.4.  Cyclic voltammograms (CVs) 
were collected after anodes reached open circuit potential, and two consecutive forward 
and reverse voltage sweeps at a scan rate 1 mV s−1 were recorded over a potential 
window of −0.6 to +0.1 V (for Glk. subterraneus) or −0.7 to +0.1 V vs. Ag/AgCl (for 
Glk. ferrihydriticus) with the second sweep shown.  I corrected the CVs for iR drop by 
measuring Ohmic loss between the working and reference electrodes (Katuri et al., 2012) 
by electrochemical impedance spectroscopy (EIS) immediately after performing the CV.  
Unless noted, all potentials are reported versus SHE. 
I performed CV in the absence of electron donors (non-turnover CV) (LaBelle 
and Bond, 2009) by transferring established Glk. ferrihydriticus biofilms grown to 
maximum current density (>6 A m−2) to substrate-free medium and incubating until 
current decayed to baseline levels.  CVs for two independent experiments were recorded 
as described above, with biofilms scanned at successively faster rates (1, 5, 10, 50, and 
100 mV s−1). 
Estimation of specific growth rate.  Exponential growth of bacteria in terms of 
current density (i), assuming that doubling time is constant during this period (Marsili et 
al., 2010), can be expressed as a function of specific growth rate (µ) and time (t), i = i0 
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exp(µt ) (Eqn. 5.1), which simplifies to ln(i/i0) = µt (Eqn. 5.2).  By plotting the natural 
logarithm of current density versus time and performing linear regression for the initial 
growth period, I estimated the values for µ from the slope of the regression line. 
Chemical and molecular analyses.  pH was measured with a microelectrode pH 
probe (Cole Parmer) and digital pH meter (Thermo Scientific).  Concentrations of acetate 
and ethanol were determined by high pressure liquid chromatography (HPLC) as 
previously described (Parameswaran et al., 2009).  I calculated Coulombic efficiency, 
defined as the percentage of electrons removed from the substrate that are recovered as 
current (Parameswaran et al., 2009), by comparing HPLC measurements at different time 
points with net charge recorded by the potentiostat over the same time interval.  For 
ethanol-fed experiments, I calculated the Coulombic efficiency based on electrons 
recovered over the entire time course. 
I confirmed culture purity at the beginning and end of experiments by light 
microscopy using a 100x oil immersion objective and differential interference contrast 
(DIC) optics.  In addition, I extracted DNA from scraped biofilm samples (see above), 
and 16S rDNA was amplified and analyzed using terminal restriction fragment length 
polymorphism (T-RFLP) as previously described in detail (Sheng et al., 2011). 
Scanning electron microscopy.  I fixed anodes at 4°C overnight in 2% 
glutaraldehyde, post-fixed in 1% OsO4 for 1 h at room temperature, and dehydrated in a 
graded acetone series.  Critical point-dried samples were mounted on aluminum stubs, 
sputter coated with Au/Pd, and imaged on an XL-30 environmental SEM (Philips) with 
an accelerating voltage of 10 kV and a working distance of 7-8 mm. 
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5.3  Results and Discussion 
Chronoamperometry.  Figure 5.1 shows Glk. subterraneus producing current using 
anodes poised at +0.04 V under saline conditions at pH ~7.2 within three days post 
inoculation.  Cells initially grew with an estimated doubling time of 8.4 h (Figure 5.1, 
inset), a value slightly lower than the ~6 h doubling time reported for Gb. sulfurreducens 
respiring electrodes or soluble Fe(III) (Marsili et al., 2010).  After 6 days, the current 
density (based on anode surface area) reached 1.9 A m−2, and visibly thick anode biofilms 
appeared.  To investigate whether current production resulted from attached cells, I 
replaced the bulk medium on day 8.  Anodic current resumed immediately after medium 
replacement (Figure 5.1), indicating that anode biofilms, not planktonic cells or redox 
shuttles, were responsible for current production.  The Coulombic efficiency (CE) for 
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Figure 5.1.  Chronoamperometry of acetate-fed Glk. subterraneus DSM 23483 poised 
at +0.04 V, following inoculation with cells grown on Fe(III) oxide.  Numbered grey 
circles indicate the following: 1 and 3, generation of cyclic voltammograms (see Figure 
5.6); 2, media replacement. 
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acetate-fed Glk. subterraneus biofilms ranged from 55-119%, with lower values 
occurring during growth (Days 0-7) and higher values during stable current production 
(Days 20-30).  These results suggest that Glk. subterraneus may accumulate intracellular 
storage polymers during growth and oxidize these reserves once biofilms are established 
and current remains steady (Figure 5.1).  Transient CE values greater than 100% may 
suggest periods during which cells are oxidizing both acetate in the medium as well as 
intracellular storage compounds. 
Although high salt concentrations can improve MXC performance by increasing 
conductivity and lowering internal resistance, recent work has demonstrated that NaCl 
concentrations >1% led to inhibition of ARB and decreased CE (Lefebvre et al., 2012).  
The fact that Glk. subterraneus prefers saline conditions and uses several organic electron 
donors (Greene et al., 2009) makes it an appealing candidate for energy generation from 
saline wastewaters.  Replicate experiments with Glk. subterraneus produced stable 
current over 30 days and maximum current densities of 2.4 – 3.3 A m−2, establishing the 
highest current densities reported for a pure culture of an ARB under saline conditions 
(Table 2.1).  
 Glk. ferrihydriticus produced electricity in MECs operated under alkaline 
conditions (pH 9.3), emerging as the first example of an alkaliphilic ARB within the 
Geobacteraceae (Figure 5.2).  Glk. ferrihydriticus generated maximum current densities 
of 5.0 – 8.3 A m−2, values similar to the those reported for Gb. sulfurreducens at neutral 
pH (5 – 9 A m−2) (Katuri et al., 2012; Malvankar et al., 2012) and much higher than 
observed in alkaline microbial fuel cells with mixed communities (Yuan et al., 2011; 
Zhuang et al., 2010).  Glk. ferrihydriticus channeled 85-95% of the electrons from acetate 
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to current, thereby achieving a CE similar to acetate-fed Gb. sulfurreducens biofilms 
under strictly anoxic conditions (Nevin et al., 2008).  Figure 5.2 (inset) shows 
exponential growth of Glk. ferrihydriticus at a poised potential of +0.07 V with a similar 
estimated doubling time (7.5 h) as for Glk. subterraneus, suggesting that utilization of the 
anode as a respiratory electron acceptor was directly coupled to cell growth.  The current 
density decreased in response to scraping off a section of attached Glk. ferrihydriticus 
cells and increased when remaining cells recolonized the exposed electrode surface 
(Figure 5.2).  Medium replacement did not disrupt current production by Glk. 
ferrihydriticus.  Thus, cell-electrode attachment and biofilm formation governs EET to 
anodes for Geoalkalibacter spp. in a similar fashion as the anode respiration scheme 
employed by Gb. sulfurreducens.  Comparison of current: biomass ratios for the 
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Figure 5.2.  Chronoamperometry of acetate-fed Glk. ferrihydriticus DSM 17813 poised 
at +0.07 V, following inoculation with cells grown on Fe(III) oxide.  Numbered grey 
circles indicate the following: 1, media replacement; 2, generation of cyclic 
voltammograms (see Figure 5.4); 3, scraping a section of the anode biofilm. 
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determination of biofilm development as a function of respiration rates (Marsili et al., 
2010) will be the subject of future investigations. 
The fact that Glk. ferrihydriticus produced higher current densities and CE than 
Glk. subterraneus is perhaps not surprising given the wide range of electron acceptors 
used by Glk. subterraneus (Greene et al., 2009).  In contrast, Glk. ferrihydriticus has been 
reported primarily to reduce insoluble electron acceptors, suggesting its metabolic 
machinery is finely tuned for obtaining energy available from coupling oxidation of 
simple organic molecules to reduction of extracellular Fe(III).  The diversity of outer 
membrane cytochromes among Geobacteraceae (Butler et al., 2010) supports the 
hypothesis that differences in EET machinery associated with utilization of insoluble 
electron acceptors may be the ultimate factors in determining anode respiration 
capabilities. 
 Current generation from ethanol.  Glk. ferrihydriticus can couple ethanol 
oxidation to Fe(III) reduction (Zavarzina et al., 2006).  To evaluate utilization of ethanol 
as an electron donor in MECs, Glk. ferrihydriticus cells were cultured twice on 10 mM 
ethanol and 60 mM Fe(III) oxide and inoculated into MECs poised at +0.07 V.  Figure 
5.3 shows current generation under alkaline conditions by Glk. ferrihydriticus fed 10 mM 
ethanol as the sole electron donor.  Cells grew on electrodes with an initial doubling time 
slightly faster (6.9 h) than when fed acetate (7.5 h) and produced 2.6 A m−2 before acetate 
was detected as a byproduct of ethanol oxidation (Figure 3.3A).  I confirmed using T-
RFLP that the appearance of acetate was not a result of contamination.  Medium 
replacement had a positive effect on current generation, providing further evidence that 
accumulation of acetate was not a requirement for cells to perform anode respiration and 
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that cells rapidly metabolized ethanol to produce current.  Maximum current densities in 
two independent growth experiments reached 5.7 - 7.1 A m−2 when both ethanol and 
acetate were present, and Glk. ferrihydriticus eventually channeled 84 - 95% of electrons 
from ethanol to current by also consuming any acetate produced (Figure 5.3).  Glk. 
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Figure 5.3.  A – Current production and substrate consumption by Glk. ferrihydriticus 
with ethanol fed as the sole electron donor.  Error bars may be smaller than data points 
and indicate standard deviation of triplicate HPLC measurements.  The black arrows 
indicate media replacement.  B – Duplicate chronoamperometry for Geoalkalibacter 
ferrihydriticus DSM 17813 fed with ethanol.  Replacement with fresh medium was 
performed on Day 5 (indicated by black arrows). 
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ferrihydriticus cells did not grow fermentatively in culture tubes lacking an electron 
acceptor when fed 10 mM ethanol, and acetate was not detected.  Other Geobacteraceae 
genomes (Aklujkar et al., 2009) suggest that ethanol is oxidized to acetate via 
acetaldehyde, raising the possibility that a conserved pathway may exist in Glk. 
ferrihydriticus.  
These results establish the highest current densities and CEs reported for an 
ethanol-fed pure culture MXC.  In mixed communities, fermentation of ethanol to acetate 
and H2 can result in low CE (Torres et al., 2007) unless competing electron sinks such as 
methanogenesis are inhibited (Parameswaran et al., 2009).  Ethanol-fed current densities 
similar to those produced by Glk. ferrihydriticus have been reported for defined 
cocultures (Richter et al., 2007) and mixed consortia (Parameswaran et al., 2010).  
However, these resulted from efficient acetate oxidation by bacteria closely related to Gb. 
sulfurreducens and not from direct ethanol oxidation by ARB.  In addition, none of the 
described Gram-positive alkaliphilic respiratory Fe(III) reducers can utilize ethanol as an 
electron donor.  Thus, Geoalkalibacter spp. could emerge as model anaerobes for 
understanding extracellular respiratory pathways for obtaining energy from fermentable 
substrates under alkaline or saline conditions. 
Anode respiration kinetics.  Electrochemical measurements of living anode 
biofilms are indispensible in elucidating respiration kinetics of ARB (Marsili et al., 
2008b).  Low scan rate cyclic voltammetry (LSCV) applies gradual changes in anode 
potential in the presence of substrate such that biofilms achieve steady-state current 
production at each potential (LaBelle and Bond, 2009).  Figure 5.4A shows classic 
sigmoidal behavior for Gb. sulfurreducens biofilms scanned by LSCV under substrate 
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turnover conditions (Strycharz-Glaven and Tender, 2012), with anodic current appearing 
slightly above the half-reaction potential of the electron donor (acetate, E°’ = −0.28 V), 
inflecting at a half-saturation potential of −0.15 V, and saturating at maximum current 
density around 0 V.   
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Figure 5.4.  Cyclic voltammograms (CVs) recorded at 1 mV s−1 for Glk. ferrihydriticus.  
Cells were grown with 20 mM acetate or 10 mM ethanol at pH 9.3 after inoculation with 
a small section of scraped biofilm.  A, comparison with a Geobacter isolate at pH 7 (see 
Section 5.4) of open circuit and half-saturation potentials under substrate turnover 
conditions at pH 9.3.  B, kinetics of acetate and ethanol utilization by Glk. ferrihydriticus.  
When normalized to the same maximum current density as in Panel A, the acetate and 
ethanol CVs are indistinguishable. 
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Cyclic voltammograms (CVs) of acetate-fed Glk. ferrihydriticus biofilms after 12 
days of growth at pH 9.3 showed a sigmoidal curve reaching a similar saturation potential 
(~0 V) as for a laboratory Geobacter isolate highly similar to Gb. sulfurreducens (Figure 
5.4A; see Section 5.4).  However, the catalytic wave of Glk. ferrihydriticus had a smaller 
slope due to cells achieving a significantly lower open circuit potential (−0.37 V vs. 
−0.25 V for Geobacter; E = −0.42 V for acetate at pH 9).  The negative shift of ~120 mV 
in open circuit potential closely matches the dependence of redox potentials on pH, 
according to the Nernst equation; half reaction potentials should become 59 mV more 
negative with each pH unit increase at room temperature.  As a consequence of the lower 
open circuit potential, the half-saturation potential for Glk. ferrihydriticus was −0.21 V, 
60 mV more negative than Gb. sulfurreducens (Marsili et al., 2008b) and the lowest half-
saturation potential reported to date for any ARB.  CVs generated when ethanol was the 
substrate showed a sigmoidal catalytic wave nearly identical to acetate-fed cells (Figure 
5.4B).  However, the open circuit potential with ethanol (−0.41 V) was ~40 mV more 
negative than with acetate, in agreement ethanol being a more reduced substrate (E = 
−0.46 V at pH 9).  These results suggest that the open circuit potential of ARB is 
achieved through equilibrium with the electron donor and not with intracellular redox 
cofactors, such as NADH.  In its apparent ability to capture more energy from respiration 
by generating current over a wider potential window, Glk. ferrihydriticus may enjoy a 
competitive advantage in a natural Fe(III)-reducing environment at pH 9 in which the 
donor half-reaction potentials shift ~120 mV more negative but reduction potentials of 
insoluble Fe(III) phases could remain variable (Hansel and Lentini, 2011). 
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CV performed on Glk. ferrihydriticus biofilms in the absence of substrates (non-
turnover CV) produced peaks whose intensity increased at higher scan rates (Figure 5.5).  
The height of reversible peaks near −0.08 V in the forward scan showed a linear 
dependence on the square root of the scan rate.  Such a relationship is a hallmark of films 
containing bound redox molecules exchanging electrons via collisions or inter-protein 
transfer reactions, creating diffusion-like behavior (LaBelle and Bond, 2009).  The fact 
that similar behavior has been observed for Gb. sulfurreducens biofilms (Marsili et al., 
2010) raises the possibility that similar mechanisms of electron transfer within biofilms 
exist in different Geobacteraceae. 
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Figure 5.5.  Non-turnover cyclic voltammograms at successively faster scan rates for 
Glk. ferrihydriticus inoculated with a small section of scraped biofilm and fed 10 mM 
acetate.  CV scans were performed at pH 9.3 in electron donor-free medium.  Inset: 
linear dependence of the peak height with the square root of the scan rate, indicating the 
presence of redox molecules limited by diffusion. 
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  CVs of acetate-fed Glk. subterraneus biofilms started from more positive open 
circuit potentials (−0.27 to −0.28 V) and exhibited different behavior depending on the 
growth stage (Figure 5.6).  After seven days, forward and reverse voltammograms were 
asymmetrical and non-sigmoidal, and multiple redox peaks appeared across the 0.7-V 
potential window scanned (Figure 5.6A).  These peaks began to gradually disappear four 
days later, when only a single prominent peak near −0.13 V remained and biofilms 
sustained more stable saturation current above −0.1 V (Figure 5.6B).  After prolonged 
incubation (36 days), peaks were no longer visible and mature biofilms (Figure 5.6C) 
eventually yielded a classic sigmoidal catalytic wave with a half-saturation potential of 
−0.19 V, roughly ~40 mV more negative than Gb. sulfurreducens.  Similar maturation of 
CVs over time was confirmed in subsequent Glk. subterraneus growth experiments.  
Therefore, at least some of the molecular machinery used by halophilic Glk. subterraneus 
for establishing electron transfer to the anode during early stages of attachment and 
growth seems to be different not only from that employed by mature biofilms, but also by 
Glk. ferrihydriticus and Gb. sulfurreducens.  These results provide further evidence for 
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Figure 5.6.  Cyclic voltammograms of Glk. subterraneus, inoculated from Fe(III)-
grown cultures, recorded at 1 mV s−1 at early (A, Day 7), middle (B, Day 11) and late 
(C, Day 36) stages of biofilm growth. 
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Geobacteraceae possessing a broad range of functionally redundant strategies for 
accomplishing extracellular respiration under diverse environmental conditions. 
 Scanning electron microscopy.  Both Glk. subterraneus and Glk. ferrihydriticus 
formed several µm-thick anode biofilms whose ultrastructure resembled that of Gb. 
sulfurreducens (Figure 5.7) (Bond and Lovley, 2003).  Throughout the Glk. subterraneus 
biofilm, cells were surrounded by web-like extracellular material, some of which 
appeared to condense into long filaments (Figure 5.8A-B) possibly as a result of sample 
preparation (Carvalho et al., 2006; Dohnalkova et al., 2011; Ugwu et al., 2008).  In 
contrast, components of the extracellular matrix such as proteins and polysaccharides, 
which have been shown to assist in anchoring c-type cytochromes in Gb. sulfurreducens 
biofilms (Rollefson et al., 2011), were not abundant within Glk. ferrihydriticus biofilms 
but rather seemed to accumulate as an amorphous layer of densely packed globular 
material encapsulating the entire electrode surface (Figure 5.8C-E).  Cells closest to this 
  
 
Figure 5.7.  Scanning electron micrographs showing electrode-attached biofilms of Glk. 
subterraneus (A) and Glk. ferrihydriticus (B).  Samples were fixed, dehydrated, critical 
point dried and sputter coated as described in Section 5.2.  Scale bar, 5 µm. 
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layer appeared to establish a physical connection with extracellular filaments resembling 
those observed in Gb. sulfurreducens (Malvankar and Lovley, 2012).  However, much 
  
 
Figure 5.8.  Scanning electron micrographs of Geoalkalibacter subterraneus (A and B) 
and Geoalkalibacter ferrihydriticus (C and D).  Panel E shows the boundary between 
bare graphite electrode (left) and putative organic material enveloping the electrode 
(right) for a section of scraped Glk. ferrihydriticus biofilm. 
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more information about the physiology of Glk. ferrihydriticus is needed before specific 
components of the EET pathway can be identified. 
 Physiological and practical implications for Geoalkalibacter.  Geoalkalibacter 
spp., along with most other genera within the Geobacteraceae, share the ability to respire 
insoluble, extracellular electron acceptors using electrons derived from the complete 
oxidation of simple organic substrates.  Phylogenetic clustering indicates that distinct 
lineages evolved to perform this metabolism across a range of salinity, since Geobacter 
spp. prefer freshwater environments, while Desulfuromonas and Desulfuromusa exist in 
marine habitats (Holmes et al., 2004).  The discovery of Glk. ferrihydriticus suggested 
that other members of the Geobacteraceae also evolved to take advantage of alkaline 
environments such as soda lakes, which can vary in their salinity (Pollock et al., 2007).  
The fact that both Glk. ferrihydriticus and Glk. subterraneus can grow in saline 
environments agrees with their close relationship to Desulfuromonas (Greene et al., 
2009).  It is possible that the capacity for alkaline extracellular respiration by Glk. 
ferrihydriticus may have evolved as a specialized extension of a halotolerant lifestyle, but 
characterization of other alkaliphilic representatives of Geobacteraceae is needed before 
such evolutionary patterns can be discerned. 
Metal-reducing Geobacteraceae face several bioenergetic challenges in 
extracellular respiration.  First, redox potentials of typically used electron donors (e.g., 
acetate; E°’ = −0.28 V) and iron oxides (−0.1 to +0.1 V) limit the free energy available 
from coupling these reactions according to Eqn. 2.1.  In addition, the fact that acetate 
oxidation occurs inside the cell, while electrons must be transferred to acceptors outside 
the cell, generates a charge imbalance (Mahadevan et al., 2006) and further limits metal 
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reduction based on the accessibility of iron in a microbially reducible crystalline form 
(Hansel and Lentini, 2011).  These hurdles are potentially magnified under alkaline and 
saline conditions since cells must also invest energy in maintaining intracellular pH and 
osmolarity (Padan et al., 2005).  CE can serve as an extracellular indicator of intracellular 
energy demands, since directing a high fraction of electrons to respiration maintains 
sufficient protonmotive force required to drive energy-intensive processes such as ion 
pumping.  Differences in CE values for Glk. ferrihydriticus and Glk. subterraneus 
suggest that pH and salinity might manifest differently in terms of energetic burden borne 
by cells performing anode respiration.  More likely, however, these values arise from 
differences in molecular machinery for conducting electrons from cells to the anode 
surface.  Genome sequences of Geoalkalibacter spp. are needed to further explore the 
genetic elements shared across Geobacteraceae and those unique to Geoalkalibacter, 
such as genes for high pH and salt tolerance and utilization of higher substrates.  Such a 
comparative genomics approach could reveal whether a set of core genes is in fact 
conserved in Geobacteraceae capable of producing high current since this capability is 
no longer exclusive to Gb. sulfurreducens. 
The production of high current densities using Geoalkalibacter spp. broadens the 
potential applications for MXCs to include direct current generation from ethanol and 
from treatment of saline (Lefebvre et al., 2012) and alkaline wastewaters, such as those 
produced in the textile and brewing industries (Choe et al., 2005; Rao et al., 2007).  
Cathodic processes in MXCs lead to elevated pH and thus a thermodynamic decrease in 
cathode potential (Popat et al., 2012); a possible advantage for alkaline MXCs is that 
some of this potential loss can be recovered by ARB capable of current generation at 
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lower anode potentials.  While breakdown of complex wastes might best be 
accomplished by mixed cultures of other halophilic and alkaliphilic bacteria, 
Geoalkalibacter spp. already possess greater metabolic versatility than Gb. 
sulfurreducens.  Glk. subterraneus could potentially oxidize substrates not previously 
studied with pure cultures in MXCs (Table 2.1), such as propionate, butyrate, and higher 
fatty acids, directly to current without the need for fermentative partners. Further 
investigation is justified in order to affirm the potential benefits for Geoalkalibacter spp. 
in fundamental and applied MXC research. 
 
5.4  Appendix 
Isolation of Geobacter.  We collected effluent from the anode of an ethanol-fed MXC 
known to contain Geobacter (Parameswaran et al., 2010).  We enriched for Fe(III)-
reducing bacteria as previously described in detail (Caccavo et al., 1994) from 1 ml of 
this effluent via three serial dilutions to extinction in freshwater anoxic mineral medium 
(pH 7) containing 10 mM acetate and 50 mM Fe(III) oxide.  An Fe(III)-reducing 
bacterium was isolated by picking single colonies grown on solid agar plates of the same 
medium composition containing 20 mM ferric pyrophosphate as the electron acceptor as 
previously described (Caccavo et al., 1994; Coates et al., 1996), and culture purity was 
confirmed by light microscopy.  Genomic DNA was extracted, and the 16S rRNA gene 
was amplified by PCR using primers 8F and 1525R (Torres et al., 2009) as previously 
described in detail (Sheng et al., 2011).  PCR products were sequenced on a 3730 DNA 
sequencer (Applied Biosystems, Foster City, CA), assembled into contigs using CAP3 
freeware (http://seq.cs.iastate.edu/), and deposited into GenBank under accession no. 
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JX287365.  The isolated bacterium shared >98% sequence homology with Geobacter 
sulfurreducens PCA.  We conducted MXC experiments using the same enrichment 
medium with anodes poised at +0.02 V in dual-chamber MXCs. 
 Calculations.  Based on the experimental conditions used for Glk. ferrihydriticus 
at pH 9, we calculated reaction potentials (E) by determining the ΔGrxn for substrate 
oxidation (either acetate or ethanol) completely to bicarbonate, according to the following 
chemical equations and ΔGf values at pH 0 (Rittmann and McCarty, 2001): 
acetate:      2HCO3− + 9H+ + 8e− à CH3COO− + 4H2O       ΔGrxn = −144.4 kJ/mol 
ethanol:   2HCO3− + 14H+ + 12e− à CH3CH2OH + 5H2O          ΔGrxn = −193.9 kJ/mol 
We then determined E° using ΔG = −nFE°, where n is the number of electrons and F is 
Faraday’s constant.  Using the Nernst equation, E = E° − [(RT / nF) (ln Q)], we then 
determined reaction potentials based on the stoichiometric coefficients in the reactions 
above at T = 303 K.  Concentrations of reactants and products were: [HCO3−] = 1.19 × 
10−1 M, [H+] = 1 × 10−9 M, [acetate] = 2.0 × 10−2 M, and [ethanol] = 1.0 × 10−2 M.  
Reaction potentials under experimental conditions for Glk. ferrihydriticus were −0.423 V 
for acetate and −0.463 V for ethanol. 
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CHAPTER 6 
SUMMARY 
 
6.1  Summary 
My research expands on MXCs as robust microbiological platforms for selective 
enrichment and characterization of metabolically novel ARB, as well as for discovering 
syntrophies between ARB and other bacteria.  This work provides preliminary insights 
for incorporating electrodes into surveys of Earth’s rich microbial biodiversity in which 
the primary interest is to explore the capability of many bacteria to generate electricity. 
Based on my hypothesis that novel ARB exist in nature (Chapter 2), the first stage 
of my research was to design and implement a strategy that used MXCs for selective 
enrichment of anoxygenic photosynthetic bacteria capable of electricity generation 
(Chapter 3).  Because enrichment of photosynthetic ARB was complicated by the 
possibility of co-enrichment of non-photosynthetic ARB, my strategy was to exploit both 
electrochemical and microbiological constraints in order to limit current generation by 
non-photosynthetic ARB.  The fact that phototrophically enriched anode biofilms 
exhibited a striking negative light response indicated that the enrichment strategy was 
successful in making photosynthetic bacteria directly or indirectly responsible for current 
generation.  Utilization of deep sequencing to understand the microbial ecology of the 
phototrophically enriched communities was essential for formulating hypotheses 
regarding the microbiological basis for the light response.  Results of community analysis 
were central to the design of additional studies focused on light-responsive current 
generation, as well as the possibility for electricity generation by a novel ARB genus. 
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Armed with my knowledge that green sulfur bacteria (GSB) were abundant in 
phototrophically enriched biofilms, I designed a study examining potential roles for GSB 
in light-responsive current generation (Chapter 4).  One possibility was that GSB 
performed anode respiration directly, a potentially groundbreaking finding given that 
most GSB lack respiratory capabilities (see Chapter 2).  The second possibility was that 
GSB played an indirect role in current production, and instead were responsible for its 
light responsiveness by somehow interacting with the metabolism of non-photosynthetic 
ARB, which were also detected in the community.  I used controlled cocultures in MXCs 
lacking organic electron donors and elucidated that GSB alone were in fact not directly 
responsible for current generation, but imparted light responsiveness when present in 
coculture with a Geobacter isolate.  These results suggested that a metabolic process in 
GSB was responsible for light responsiveness, and this finding led to the design of 
additional experiments investigating temporal patterns of carbon metabolism in GSB.  I 
discovered that dark fermentation of intracellular glycogen reserves released organic 
material, presumably acetate, which could serve as an electron donor for ARB.  Most 
importantly, I found that using the combination of an MXC and qPCR was essential to 
monitoring this syntrophic process since intermediate metabolites were present at 
extremely low or undetectable concentrations.  This study highlighted the efficacy and 
sensitivity of MXCs for real-time measurement of electricity as the end product of 
upstream metabolic processes, with molecular methods helping to elucidate a syntrophy 
between green sulfur bacteria and ARB..   
 For my final study, I combined results from Chapters 3 and 4 to formulate a 
hypothesis for the role of Geoalkalibacter in current production in the saltwater 
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phototrophic enrichment.  Based on 1) the fact that GSB comprised the same proportion 
of the community (~60%) in both fresh- and saltwater enrichments and 2) that I was able 
to show that GSB did not produce current directly but rather required a non-
photosynthetic ARB partner, I hypothesized that the small fraction (~6%) of 
Geoalkalibacter in the saltwater enrichment was responsible for current production.  I 
searched the literature for information about the Geoalkalibacter genus and discovered 
that it comprised a distinct haloalkaliphilic clade within the Geobacteraceae.  However, 
its current-producing capabilities had not been reported.  Therefore, I decided to conduct 
a well-controlled, exhaustive electrochemical characterization of the only two available 
Geoalkalibacter isolates, Glk. subterraneus and Glk. ferrihydriticus (Chapter 5).  Both 
organisms formed thick anode biofilms and produced high current densities under saline 
and alkaline conditions.  Despite much effort towards identifying pure cultures of high 
current-producing ARB in the past decade, I provided proof, for the first time, that other 
species in the Geobacteraceae family produce current densities that rival its best 
characterized representative, Geobacter sulfurreducens.  This finding was 
groundbreaking for three reasons: 1) high current density production is not unique to one 
pure culture (Table 2.1);  2) the discovery of novel species capable of high current 
density production in the same family offers parallel approaches to understanding 
extracellular electron transfer; and 3) the ability to produce high current densities at 
elevated salinity and pH can potentially expand the practical applications for MXCs.  In 
addition, based on the results of my Geoalkalibacter characterization, I was able to 
generate evidence in support my hypothesis that Geoalkalibacter served the same 
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function (i.e., as an ARB) in the phototrophically enriched saltwater biofilm as Geobacter 
did in the freshwater biofilm. 
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CHAPTER 7 
RECOMMENDATIONS FOR FUTURE WORK 
 
7.1  Introduction 
I now suggest additional studies using MXCs as microbiological tools for 
enrichment and characterization of novel ARB.  Although the work presented in this 
dissertation did not discover previously unknown bacteria or describe a novel isolate 
specifically enriched using electrodes, these suggested studies nonetheless stem from the 
results presented in Chapters 3-5, which highlight promise for MXCs in combination 
with molecular tools as microbiological enrichment and isolation tools.  In addition, I 
provide suggestions for developing anoxygenic photosynthetic bacteria as novel catalysts 
for MXC cathodes.  The idea for development of such a “photobiocathode” (discussed in 
Section 2.4.2) provided the original basis for my interest in researching photosynthetic 
couplings with electrodes. Despite the inherent difficulty in performing biocathode 
experiments (see Preface), I believe studies examining possible photosynthetic bacteria 
on the cathode nonetheless deserve attention.   
In addition to my suggestions regarding photobiocathodes, I divide my 
recommendations for future work into three main areas, each tied to the results of 
Chapters 3-5, with each section subdivided into more specific suggested experiments as 
needed.  These recommendations highlight a diverse spectrum of future research 
directions linked to a common theme of using electrodes to study already known as well 
as yet-to-be-discovered bacteria, with potential implications for electrodes as tools to 
explore Earth’s rich biodiversity. 
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7.2  Bioprospecting for photosynthetic ARB 
The primary objective in Chapter 3 was to evaluate two different inocula for the 
presence of photosynthetic ARB.  While Chapter 4 elucidated that photosynthetic 
bacteria (i.e. GSB) did not function as photosynthetic ARB, the fact that they were not 
present in these inocula does not eliminate the possibility that photosynthetic ARB exist 
in nature.  I propose additional experiments specifically focused on testing diverse 
inocula from locations around the globe for the presence of photosynthetic ARB.  This 
“bioprospecting” approach was recently undertaken by a colleague and yielded several 
novel ARB candidates (Miceli et al., 2012).  I suggest following the enrichment 
procedure outlined in Chapter 3, which was successful in enriching photosynthetic 
bacteria.  However, based on the results of Chapter 4, I propose modifications to the 
selective enrichment scheme in order to further minimize co-enrichment of non-
photosynthetic ARB like Geobacter and Geoalkalibacter. 
Table 2.2 highlights the metabolic versatility of purple bacteria and the 
specialization of GSB.  However, some representatives of the phylum Chlorobi perform 
respiration, but do not oxidize reduced sulfur compounds (Liu et al., 2012).  Thus, these 
respiratory GSB also comprise potential ARB candidates.  Based on the differences in 
metabolic capabilities between the purple and green bacteria, I propose dividing the 
photosynthetic enrichment strategy along four parallel tracks before inoculation into 
MXCs.  This recommendation is grounded in the hypothesis that different inocula are 
likely to contain representatives from different groups of anoxygenic phototrophs (Table 
2.2).  My suggested approach takes into account key differences among these bacteria in 
terms of their electron donor utilization and optimal light intensity for photosynthesis. 
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I propose a total of four photosynthetic enrichment cultures based on different 
combinations of two variables: sulfide vs. acetate as photosynthetic electron donor, and 
high vs. low light enrichment.  For example, low light intensity is often used for selective 
enrichment of GSB (Overmann, 2006).  The acetate + high light enrichment should select 
for PNSB, while the acetate + low light condition should select for purple or green 
bacteria that require lower light intensities.  In contrast, the sulfide + high light cultures 
should select for PSB, and sulfide + low light enrichments will promote the growth of 
GSB.  Preliminary assessments of phototrophic enrichments should be performed by 
assaying bacteriochlorophyll content as described in Chapter 3.  To select against 
cyanobacteria, I recommend continued utilization of the near-infrared light filter (Chapter 
3) throughout the photosynthetic enrichment procedures.  There are two primary benefits 
for dividing the enrichments in this fashion: 1) a wider spectrum of different types of 
anoxygenic phototrophs can be pre-selected before MXC inoculation, and 2) the acetate-
only enrichments specifically are likely also to pre-select against non-photosynthetic 
ARB.  This prediction is based on the fact that no electron acceptor for non-
photosynthetic ARB will ever be available in acetate-only enrichments.  However, results 
from Chapter 4 indicate that sulfide-only enrichments can lead to co-enrichment of non-
photosynthetic ARB based on temporally separated availability of electron donor (acetate 
resulting from glycogen fermentation) and electron acceptor (S0 produced as an 
intermediate in sulfide oxidation).   
Following preparation of the four enrichment bottles, I propose evaluating each 
enrichment for photosynthetic ARB separately in a dedicated MXC anode, following the 
same approach as described in Chapter 3, with one modification.  I suggest feeding 
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sulfide as sole electron donor to sulfide-enriched cultures, thereby imposing an additional 
layer of selective pressure against non-photosynthetic ARB, which would also require 
organic carbon to grow.   
In addition, I suggest routine utilization of molecular techniques to characterize 
the enriched photosynthetic communities.  Based on the fact that pyrosequencing was 
indispensable in linking community structure to function in Chapter 3, I anticipate that 
future molecular-based surveys will be equally important to understanding syntrophies 
between potential photosynthetic ARB and other bacteria.  Molecular data will also be 
important in designing isolation strategies to test pure cultures of photosynthetic bacteria 
comprising significant fractions of the anode communities, similar to my approach in 
Chapter 4. 
The experiments proposed in this section require simultaneous use of four 
potentiostat channels.  The lack of reliable methods for high throughput in MXCs limits 
this recommendation in terms of the number of inocula that can be screened.  Therefore, I 
propose prioritizing inocula taken from environmental samples predicted to contain a 
diverse population of photosynthetic bacteria, such as those from microbial mats and 
shallow sediments.  These experiments can be repeated as needed as new inocula become 
available. 
7.3  Development of photobiocathodes 
 Biocatalysis of cathode reactions by photosynthetic bacteria requires intimate 
contact between cells and the cathode.  To promote cell attachment, one of my early ideas 
for discovering anoxygenic phototrophs capable of using an MXC cathode as their 
electron donor was to first enrich them on the anode (Chapter 3) and subsequently reverse 
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the electrode polarity by lowering the poised electrode potential.  Such an approach was 
taken by Rozendal et al. (2008), in which a hydrogen-producing biocathode was 
successfully obtained by first enriching hydrogenotrophic bacteria on the anode.  
Assuming that the photosynthetic ARB enrichments proposed in Section 7.2 generate 
light-responsive current, I suggest changing the electrode polarity and examining the 
system for consumption of electrons from the cathode.  This suggestion is made in 
addition to the molecular and microbiological characterizations outlined in Section 7.2. 
7.3.1  Considerations for cathode operation 
In order to change the mode of MXC operation such that phototrophically 
enriched anodes become cathodes, several steps are required.  First, the liquid must be 
replaced with anoxic bicarbonate-buffered medium lacking an electron donor such that 
the cathode provides the only source of electrons and bicarbonate/CO2 provides the 
electron sink for photosynthesis.  Second, the electrode assembly must be transferred to a 
reactor containing a cation exchange membrane (Section 2.1.1) to provide protons, and 
the counter chamber should contain HCl to ensure a steep pH gradient between the 
chambers.  Third, any oxygen produced from water oxidation at the counter electrode 
must be continually flushed out with inert gas such as N2.   
Finally, the cathode should be poised at an appropriate redox potential.  Recent 
work growing the marine Fe-oxidizing Zetaproteobacterium Mariprofundus ferrooxydans 
PV-1 on the cathode (Summers et al., 2013) showed that selecting a cathode potential 
similar to that of its preferred extracellular electron donor (i.e., Fe2+) ensured that 
electrons were delivered to cells with the appropriate driving force to perform cellular 
functions.  Based on the fact that several anoxygenic phototrophs use S0 as an externally 
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deposited electron donor (Table 2.2), I propose poising cathodes at or slightly more 
negative than −0.2 V (vs. SHE), the potential of the SO42−/S0 couple (Brune, 1995).  This 
potential is 0.05 V more negative than the anode potential used to study light responses in 
photosynthetic ARB (Chapter 3).  In addition, this potential is 0.22 V more positive than 
the theoretical potential for H2 evolution, ensuring that H2 production is not a significant 
abiotic electron sink.  Growth of photosynthetic bacteria on the cathode will be indicated 
by negative current (i.e., uptake of electrons) in a light-responsive manner.  It is 
important to keep cathodes strictly anaerobic such that negative current does not arise 
from O2 reduction.   
7.3.2  Direct phototrophic enrichment using cathodes 
 Along the same lines of exploiting S0 oxidation as a biochemical basis for 
growing photosynthetic bacteria on the cathode, I also propose a combination of 
enrichment on S0 as the sole electron donor along with depositing thin layers of S0 on 
cathodes.  The rationale for this proposed investigation is that phototrophs will be pre-
adapted to interacting with and oxidizing S0, and that a thin coating of S0 on the electrode 
will promote attachment.  The mechanism of photo-oxidation of S0, although poorly 
understood, appears to involve alteration of cell surface charge and hydrophobicity in 
photosynthetic sulfur bacteria (Frigaard and Dahl, 2009).  I propose feeding S0 as sole 
electron donor to either mixed or pure cultures such that cells specifically to exploit this 
cell surface adaptation.   
In conjunction, I propose electrodeposition of a thin layer of S0 by abiotic 
oxidation of sulfide on graphite electrodes using a method previously described in detail 
(Ateya et al., 2003).  Scanning electron microscopy (SEM) along with energy dispersive 
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X-ray spectroscopy (EDAX) will reveal the presence of S0 deposited on the electrode.  
Harvesting S0-grown cells and inoculating them into poised cathodes coated with S0 
should promote electrode attachment.  I hypothesize that cells will oxidize S0 while also 
maintaining attachment to the cathode.  Increasing agitation will also promote 
attachment.  Accumulation of SO42− as the end product of S0 oxidation should be 
monitored by ion chromatography (IC).   
Reactors should undergo diurnal light cycles to monitor light-responsive current 
consumption, which I should will follow a similar pattern as demonstrated by Cao et al. 
for a bicarbonate-reducing photobiocathode (Cao et al., 2009).  If a negative current is 
consumed, my hypothesis is that cells are channeling these electrons to CO2 fixation to 
biomass in a similar fashion as if they had been derived from S0 oxidation.  Thus, 
electrode-attached biomass can be measured by assaying total protein (Marsili et al., 
2008b).  SEM can elucidate cell morphology and, when compared to images of S0-
deposited electrodes, can indicate the extent of S0 oxidation before utilization of the 
cathode as the electron donor. 
If cathodic current results from a mixed inoculum, I propose pyrosequencing of 
the photosynthetic cathode communities in order to assess the role of dominant 
phototrophs.  This approach can lead to design of group- or organism-specific probes for 
further microscopic and molecular analyses, as well as provide guidance for isolating 
cathodic phototrophs of interest.  Once isolated, I recommend pure culture studies on the 
cathode as well as genome sequencing to elucidate phylogenetic and evolutionary 
relationships that might predict whether other known anoxygenic phototrophs are capable 
of growing on cathodes.  With focused attention on taking measures to promote cell-
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electrode attachment and modulate redox potential within a range typically encountered 
for insoluble electron donors used by photosynthetic bacteria, I am confident that  
dedicated efforts to discover and study photosynthetic bacteria on the cathode will be 
fruitful. 
7.4  Electrochemical, genomic, and genetic characterizations of Geoalkalibacter 
 Results from Chapter 5 seem to suggest that conserved extracellular electron 
transfer pathways may exist in members of the Geobacteraceae family.  I propose a 
combination of focused electrochemical, genomic, and genetic characterizations of 
Geoalkalibacter subterraneus and Geoalkalibacter ferrihydriticus to bring our 
understanding of these organisms up to par with that of Geobacter sulfurreducens.  I 
propose these investigations not to simply repeat what has been demonstrated for 
Geobacter.  Instead, I recommend using our understanding of Geobacter to inform and 
focus further studies with Geoalkalibacter. 
7.4.1  Integrated chemical, physical, and electrochemical characterizations 
Extensive experimental and modeling work has shown that Geobacter biofilms are 
limited by proton extrusion, leading to the formation of a pH gradient inside the biofilm.  
Preliminary results shown in Figure 7.1 suggest that pH gradients may also exist in Glk. 
ferrihydriticus biofilms as well.  When grown at its standard pH (pH 9.3), the biofilm 
produced a steady current, but when medium at pH 10 was flowed continuously, the pH 
and current density rose sharply.  Since the pH 10 medium had a greater proportion of 
carbonate ions than the standard medium, I hypothesize that carbonates served as proton 
transporters in a similar fashion as previously reported for Geobacter.  Based on this 
hypothesis, I recommend performing additional experiments with Glk. ferrihydriticus 
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biofilms in which current density is examined in response to increased pH and buffer 
concentration.  Specifically, I propose making perturbations to pH and/or buffer 
concentration as a function of biofilm thickness, which should be determined by confocal 
microscopy.  The effect of raising the pH or increasing the buffer concentration should 
become greater as the biofilm gets thicker (Marcus et al., 2011). 
 In Geobacter, cells progress through four distinct phases when the electrode 
serves as the electron acceptor: 1) attachment, 2) division and formation of a cell 
monolayer, 3) outward growth into biofilms, and 4) “daughtering” or dispersion of outer 
layer cells from the biofilm.  These phases correspond to distinct patterns observable with 
chronoamperometry.  During phases 2 and 3, cells grow exponentially but do not alter 
their individual respiration rate (Marsili et al., 2010).  I propose combining 
electrochemical and physical measurements of Geoalkalibacter biofilms as a function of 
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Figure 7.1.  Chonoamperometric and pH response of Glk. ferrihydriticus to continuous 
addition of pH 10 medium.  The black arrow indicates the start of continuous flow at 
1.0 ml min−1 flow rate. 
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growth stage in order to obtain important parameters for comparison with Geobacter.  
These include current:protein ratios, estimation of per cell respiration rates, and the range 
of biofilm thicknesses at which current density begins to plateau.  If similar patterns exist 
between Geobacter and Geoalkalibacter, it suggests that a similar cascade of changes in 
metabolism and gene expression occurs between these organisms.  Going further, it 
suggests that important cellular processes and decisions are shared between organisms 
performing long-range electron transfer through biofilms. Geoalkalibacter spp. are thus 
likely to become incredibly informative in helping to unravel the complexity of EET in 
Geobacteraceae. 
 In addition to the above recommendations, I propose performing cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to elucidate how 
the dominant redox processes in Geoalkalibacter change as a function of biofilm growth.  
This approach in Gb. sulfurreducens has provided groundbreaking preliminary evidence 
for the involvement of two composite EET pathways with different redox potentials, with 
a low-potential process appearing as biofilms grow thicker (S.C. Popat, unpublished 
data).  Incorporating these powerful electrochemical techniques with physical and 
chemical measurements will provide a holistic view of the interrelatedness of 
Geobacteraceae in terms of how they efficiently transfer electrons outside the cell in 
response to variable environmental conditions. 
7.4.2  Genome sequencing and genetic manipulation of Geoalkalibacter 
 Genome sequences for Glk. subterraneus and Glk. ferrihydriticus are currently 
being assembled and annotated (J.P. Badalamenti, unpublished data).  Once complete, I 
expect to discover genomic evidence for several gene homologues of Gb. sulfurreducens 
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shown to be important for long-range electron transfer.  Most important, I hypothesize 
that Geoalkalibacter spp. possess dozens of multiheme c-type cytochromes predicted to 
be localized beyond the plasma membrane.  Specifically, I propose bidirectional BLAST 
of putative outer membrane cytochromes between Geobacter and Geoalkalibacter, as 
well as between the two Geoalkalibacter spp., to discover homologues of important 
cytochromes in Geobacter such as OmcB, OmcE, OmcS, and OmcZ (Butler et al., 2010).  
I also recommend an exhaustive comparative genomics investigation searching for 
regions of conserved gene arrangement between genera from which gene functions can 
be predicted.  
 Going further, I recommend development of a genetic system for Glk. 
subterraneus and Glk. ferrihydriticus.  Targeted mutagenesis of Gb. sulfurreducens has 
resulted in discovery of several novel phenotypes distinguishable by alterations in 
reduction of soluble Fe(III) citrate, insoluble Fe(III) oxide, and electrodes (C.E. Levar 
and D.R. Bond, personal communication) (Rollefson et al., 2011).  If Geoalkalibacter 
possesses putative homologues of these key proteins, genetics and mutagenesis will aid 
greatly in expanding our understanding of EET in the Geobacteraceae family. 
7.4.3  Developing applications of Geoalkalibacter 
 Glk. subterraneus can reduce nitrate (Greene et al., 2009).  I propose developing 
Glk. subterraneus as a biocathode to reduce nitrate as a demonstration of principle, with 
possible eventual applications in wastewater treatment.  Graphite electrodes have 
previously been shown to support nitrate reduction by Geobacter spp. (Gregory et al., 
2004).  To establish the biocathode, I suggest the same approach as outlined in Section 
7.3, in which cells should be enriched first on the anode before being operated as a 
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cathode.  Because Glk. subterraneus does not use insoluble electron donors, development 
of the biocathode is likely to require several experiments testing the optimal redox 
potential for poising the cathode.   This determination could also be made by CV, but 
care must be taken not to sweep the potential so negative as to catalyze unwanted abiotic 
reactions such as H2 production.  I propose tracking removal of nitrate and nitrite with IC, 
and calculating Coulombic efficiency (CE) by comparing electrons delivered to the 
biocathode with those used for denitrification.  If a nitrate-reducing biocathode using Glk. 
subterraneus can be achieved, I propose comparing its performance to that of the MBfR 
(membrane biofilm reactor; Zhao et al., 2011) in order to evaluate its practical 
applicability. 
 Finally, I propose construction of a single-chamber MEC for hydrogen recovery 
using Glk. ferrihydriticus.  This recommendation is based on the simple fact that Glk. 
ferrihydriticus does not use H2 as an electron donor. MEC experiments for H2 production 
using Geobacter at the anode suffer from diminished CE since Geobacter can oxidize H2, 
and requires that the anode and cathode be separated, leading to charge transfer 
resistances across the ion exchange membrane (Figure 2.1) (Logan et al., 2008).  It is 
important to be mindful of managing the unavoidable competing H2 sinks such as 
methanogenesis and homoacetogenesis in designing single-chamber MEC systems with 
Glk. ferrihydriticus, in which culture purity is unlikely to be maintained with long-term 
operation.  The opportunity to grow Glk. ferrihydriticus in a single-chamber MEC, 
however, in conjunction with its high CE (Chapter 5), predicts that H2 production from 
organic matter using Glk. ferrihydriticus could potentially lead to high energy efficiencies 
of H2 recovery.  
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